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Antisera were raised against the purified Esckerichia coli K 12 outer membrane proteins 
ompA-, ompC- and ompF proteins and protein e. Several immunological methods were used to 
investigate the specificity of the antisera and the immunological relationship between the major 
outer membrane proteins. Although the antisera had been raised against highly purified proteins, 
several of them contained activity against lipopolysaccharide and lipoprotein due to minor im- 
purities in the immunogens. The three general porins ompF protein, ompC protein and protein e 
were shown to be cross-reactive. Anti-(ompA protein) serum only reacted with the homologous 
protein. None of these antisera reacted with the phage lambda receptor protein or with protein 111. 
Pore protein preparations isolated from SaImonella typhimurium, Klebsiella aerogenes, Enterobacter 
cloaceae and Proteus mirabilis were found to be structurally related to the E. coli K12 porins as 
they reacted with the antisera raised against E. coli K12 porins. 

The outer membrane of Enterobacteriaceae con- 
tains phospholipids, which are mainly or exclusively 
present in the inner monolayer [1,2], lipopolysac- 
charide, which is exclusively located in the outer 
monolayer [3] and proteins [4-71, many of which 
transverse the lipid bilayer [8]. The most abundant 
protein in the outer membrane of Escherichia coli is 
the lipoprotein (7 x lo5 copies per cell) [9, lo]. Wild- 
type cells of E. coli K12 contain several other major 
proteins. For the proteins designated as b, c and d 
in our laboratory [ 5 ] ,  other nomenclatures were also 
used [4,7,11], but it is now agreed that the proteins 
will be named according to the designation of their 
structural genes [12], which are ompF, ompC, and 
ompA respectively. Although these proteins are often 
called ‘major outer membrane proteins’, this term can 
be misleading, as the relative amounts of these proteins 
are dependent on the growth conditions [ 13 - 181. 

The ompA protein has a function in the F-pilus- 
mediated conjugation [19,20] and might play a role 
in the uptake of colicin L [21] and ferrichrome iron 
[22]. The ompF and ompC proteins form tight com- 
plexes with the peptidoglycan layer, which resists 
incubation in 2 %  sodium dodecyl sulphate at 60°C 
[15,23,24]. These proteins form aqueous pores through 
which small molecules up to a molecular weight of 
about 700 can pass the outer membrane [25-291. 
Therefore they are called porins [29]. A new major 
outer membrane protein called Ic [30], e [31] or E [21] 

can be present in pseudo revertants of mutants lacking 
the ompF and ompC proteins [21,26,30,31]. We have 
recently observed that this protein is induced in wild- 
type E. coli K12 cells by phosphate limitation [17] 
and is coregulated with alkaline phosphatase [32]. 
Also protein e is peptidoglycan-associated and has 
porin properties [31]. The ompF and ompC proteins 
and protein e are very similar with respect to their 
total amino acid composition [31,33,34] and their 
amino termini [30], but considerable differences were 
found in the fragment patterns obtained by incubation 
of the purified proteins with cyanogen bromide and 
proteolytic enzymes [31,33,34]. Protein I11 usually 
is a major outer membrane protein, but its synthesis 
is repressed by adenosine 3’,5’-phosphate (cyclic 
AMP) [35]. The receptor of bacteriophage 3, is a 
major peptidoglycan-associated protein in the outer 
membrane of cells grown in the presence of maltose. 
This protein forms pores which are rather specific for 
maltose and maltodextrins [36 - 381. 

Although antibody preparations raised against 
purified proteins are a powerful tool to detect structural 
relationships between proteins, only little attention has 
been paid to a possible immunological relationship 
between purified outer membrane proteins of E. coli 
K12 [39,40]. In this paper we report that ompPpro- 
tein, ompC protein and protein e are cross-reactive, 
while antiserum raised against purified ompA protein 
only reacts with the homologous protein. 
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MATERIALS AND METHODS 

Strains and Growth Conditions 

For the isolation of peptidoglycan-associated pro- 
teins the following strains were used : Esclzericlzia coli 
K12 strain PC0479 [34], Enterobacter cloaceae H478, 
Proteus mirabilis 57, Salmonella typlzimurium G30 and 
Klehsiella aerogenes S45 [41]. Cells were grown in 
yeast broth [15] at 37°C under vigorous aeration to 
the late logarithmic phase, harvested at 4 "C and wash- 
ed with 0.9% NaC1. Strain CE1201, a derivative of 
strain PC0479 lacking the ompC and ompF proteins 
due to an insertion of phage Mu in the ompB gene, 
was used for the isolation of the A receptor protein. 
Cells were grown as described previously, except 
that the growth medium was supplemented with 0.5 % 
maltose and that the cells were harvested at the early 
stationary phase. 

Isolation of Membrane Fractions 
Procedures for the isolation of cell envelopes [15], 

protein-peptidoglycan complexes and peptidoglycan- 
associated proteins have been described previously 
[41]. Procedures used for the purification of the ompA 
protein and protein I11 [19], the ompC and ompF 
proteins [34], protein e [3 11 and lipopolysaccharide 
[42] have been published. For the purification of the 
A receptor protein, the procedure for the purification 
of peptidoglycan-associated proteins was modified in 
that (a) in order to prevent large losses of the protein, 
protein-peptidoglycan complexes were isolated from 
cell envelopes by incubation at 50 "C instead of 60 "C, 
and (b) as significant losses were caused by washing 
with water, salts were removed by dialysis instead of 
by washing. The lipopolysaccharide content of the 
purified proteins varied between 0.06 "/, and 0.56 % 
(w/w) [19,31,34]. Individually purified 34000-M, 
35 000-M, and 36 000-M, S .  typhimurium porins were 
a generous gift of T. Nakae (Tokai University, Isehara, , 
Kanayawa-ken, Japan) 

Citraconylation of Proteins 
Proteins were citraconylated as described by 

Gamon et al. [43], dialyzed against NH4HC03 and 
lyophilized. The resulting preparation was readily 
soluble in aqueous buffer at pH >7.0. The lipopoly- 
saccharide content was not changed by the procedure. 
Analysis of the citraconylated proteins on sodium 
dodecyl sulphate/polyacrylamide gels showed that 
each protein moved as a single band with a slightly 
higher apparent molecular weight than the unmodified 
proteins. 

Iodinution of Proteins 
Proteins were labelled with '''I in the presence 

0.1 % sodium dodecyl sulphate using chloramine T 

1441. Amounts of 100 pCi 1251 and 20 pg chloramine T 
were added to 50 pg protein, suspended in 50 pl0.1 M 
sodium phosphate buffer pH 7.0/0.1% sodium dodecyl 
sulphate. After incubation for 60 s at room tempera- 
ture, the reaction was stopped by adding 120 pg 
Na2S205 and 1 mg KI dissolved in 0.1 M phosphate 
buffer, pH 7.0/0.1% sodium dodecyl sulphate. Free 
iodide and iodinated protein were separated on 
Sephadex G-25 column (1 .O x 20 cm), pre-eluted with 
eluent (0.1 M phosphate buffer pH 7.0/0.1% sodium 
dodecyl sulphate/l % bovine serum albumin). The 
specific activity of the iodinated proteins, assuming 
that no loss had occurred, was about 0.2 pCi/pg 
protein. Radioactivity was measured in a Packard 
Auto-gamma spectrometer. 

An tisera 
Antisera against the purified ompA, ompC and 

ompF proteins were raised for us by H. Hofstra 
(Laboratory for Medical Microbiology, University 
Hospital, Groningen, The Netherlands) using the 
method described by Hofstra and Dankert [45]. 
Antiserum against purified protein e was raised by 
injecting a mixture of 200 pl protein suspension 
(1 mg/ml) and 200 p1 Freund's Complete Adjuvans 
intradermally at about ten sites in the back of three- 
month-old rabbits (New Zealand White). Injections 
were repeated after two and three weeks. The anti- 
serum titer was followed using the haemagglutination 
method. The rabbits were sacrificed when the anti- 
serum titer had risen to a maximum, which usually 
occurred about four weeks after the first injection. 
After clotting of the blood, serum was collected by 
centrifugation, incubated for 30 min at 56°C to 
inactivate complement, and stored at - 20 "C. Anti- 
serum against purified lipopolysaccharide from strain 
K12 was raised for us by J. Willers and R. de Reuver 
(Department of Microbiology, State University, Ut- 
recht, The Netherlands) by intraperitoneal injection 
of 100 pl of a suspension of 100 pg lipopolysaccharide 
in 0.1 Triton X-100/2 mM NaHC03. After two and 
four weeks 100 pl of the same solution was injected 
intravenally. After five weeks the rabbit was sacrificed 
and the serum was collected and treated as described 
previously. Anti-lipoprotein serum was a generous 
gift from Henry C. Wu (Department of Microbiology, 
University of Connecticut Health Center, CT, USA). 
Goat anti-(rabbit IgG) was purchased from Miles- 
Yeda Ltd (Kiryat Weizmann, Rehovot, Israel). The 
anti-lipopolysaccharide activity of the anti-protein 
sera was absorbed by two successive incubations of 
0.9 ml serum with 0.1 ml of a sonically treated sus- 
pension of purified E. coli K 12 lipopolysaccharide 
(10 mg/ml in 10 mM sodium phosphate buffer pH 7.2/ 
0.9% NaC1). The precipitates were removed by cen- 
trifugation for 5 min using an Eppendorf table centri- 
fuge. 
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Double-Diffusion Precipitation 

Double-diffusion precipitation was performed on 
glass slides covered with a 2-mm-thick layer con- 
taining 0.5 % agarose (Sigma Chemical Co., St Louis, 
MO, USA)/10 mM phosphate buffer pH 7.2/1% Tri- 
ton X-100/0.01% sodium dodecyl sulphate. After 
applying the proteins (1 mg/ml dissolved in 10 mM 
phosphate buffer pH 7.8/0.9% NaC1/0.1% sodium 
dodecyl sulphate and antisera to the wells (10 pl/well), 
diffusion and precipitation was allowed for 24-48 h. 
After intensive washing (24 h in 10 mM phosphate 
buffer pH 7.2/0.9% NaC1/1% Triton X-lOO/O.Ol% 
sodium dodecyl sulphate, 24 h in 0.9 % NaCl and 24 h 
in demineralized water) the preparations were dried, 
stained in 0.1 % Coomassie brilliant blue R250 dis- 
solved in methanol/acetic acid/water (50 : 10 : 40 by 
vol.) and destained in the latter solvent. 

Huemagglu tuna t ion and Huemugglut inut ion Inhibit ion 

Sheep red blood cells were washed three times 
with one volume 10 mM phosphate buffer pH 7.2,' 
0.9 % NaCl and resuspended in one-fifth of the orjginal 
volume (packed cells). For the preparation of diluent, 
1 ml normal rabbit serum was mixed with 0.5 ml 
packed cells and incubated for 30 min at room tem- 
perature. The supernatant obtained after centrifuga- 
tion was diluted 100-fold in 10 mM phosphate buffer 
pH 7.2/0.9% NaCl and used as diluent. For coating 
of erythrocytes with citraconylated protein, 30 p1 
packed cells were mixed with 750 pl10 mM phosphate 
buffer pH 7.2/0.9% NaCl and 250 pl of a solution of 
the citraconylated protein (1 mglml). The protein 
was coated on the red cells by the addition of 10 p1 
25 % glutardialdehyde and subsequent incubation for 
1 h at room temperature. After centrifugation, the 
cells were washed once with 10 mM phosphate buffer 
pH 7.2/0.9'j/, NaCl and three times with diluent. The 
resulting pellet was resuspended in 8 ml diluent. The 
amount of protein used for coating is critical as red 
blood cells coated with too little protein hardly ag- 
glutinated in the presence of antiserum, whereas coat- 
ing with too much protein resulted in auto-agglutina- 
tion. The optimal concentration of citraconylated 
protein used for coating 30 pl packed cells may vary 
slightly around 250 pg, depending on the batch of 
red blood cells used. Coating of red cells with lipo- 
polysaccharide was performed by mixing 0.1 ml 
packed cells with 0.3 ml lipopolysaccharide (1 mgiml, 
heated for 2 h at 98 "C) and subsequent incubation 
and washing as described for coating with protein. 
The final pellet was resuspended in 12 ml diluent. 
Haemagglutination was performed at room tempera- 
ture on microtiter plates with U-shaped cups (Greiner, 
Nurtingen, FRG) containing 50 pl of an antiserum 
dilution in diluent and 50 pl freshly prepared, coated 

erythrocytes in diluent. Controls contained preimmune 
serum or did not contain antiserum. 

Haemagglutination inhibition was carried out 
similarly. A volume of 50 pl of a constant antiserum 
dilution (fourfold concentrated relative to the highest 
dilution which resulted in a positive haemagglutina- 
tion) was mixed with 50 p1 inhibitor in diluent (con- 
centrations 0.1 ng/ml up to 1 mglml). After incuba- 
tion for 60 min at 37 "C, 50 pl of a suspension of coated 
erythrocytes in diluent was added. After incubation 
for 14- 16 h at room temperature the minimal amount 
of inhibitor which disturbed the agglutination was 
determined. Inhibitor or inhibitor and antiserum 
were omitted in the controls. 

Gel Immunoradioussay 

After electrophoretic separation of the proteins, 
thin (50 pm) longitudinal sections of the gel were 
incubated with diluted antiserum (350 pl), while nor- 
mal rabbit serum served as a control. After removal 
of excess and unspecifically bound IgG, 1251-labelled 
protein A was allowed to bind to the specifically bound 
IgG molecules and detected by autoradiography. 
Details of this technique have been described [46], 
whereas modifications used will be described [47,48]. 

Immunoprecipitution 

1251-labelled proteins (50 ng, 0.01 pCi) were al- 
lowed to react with 25 p1 of a fourfold dilution of 
antiserum in a final volume of 50 pl 10 mM phos- 
phate buffer, pH 7.2 containing 0.1 % sodium dodecyl 
sulphate. After incubation for 2 h at 37 "C an ap- 
propriate amount of goat anti-(rabbit IgG) dissolved 
in 10 mM phosphate buffer pH 7.2/0.9 % NaCI/O.l% 
sodium dodecyl sulphate was added. After incubation 
for 5 h at room temperature the precipitate was 
collected by centrifugation (5 min, Eppendorf table 
centrifuge) and washed twice with 10 mM phosphate 
buffer/0.9 % NaCl/O.l% sodium dodecyl sulphate. 
After determination of the amount of radioactivity 
of the precipitate in an Auto-gamma spectrometer, 
the precipitated proteins were separated by sodium 
dodecyl sulphate/polyacrylamide gel electrophoresis 
and the radioactive proteins were detected by exposure 
of the dried gel to a Fuji X-ray film for 40-60 h. 

Sodium Dodecyl Sulphate/Polyucrylumide 
Gel Electrophoresis 

Separation of proteins by sodium dodecyl sul- 
phateipolyacrylamide gel electrophoresis was per- 
formed as described previously [5], except that in case 
the separation was to be followed by the gel immuno- 
radioassay technique, 3-mm-thick gels were used and 
electrophoresis was performed at 50 mA for 2.5 h. 
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RESULTS 

Determination of Antiserum Titers 

Titers against lipopolysaccharide were determined 
in a haemagglutination assay using the property that 
the acyl chains of the partially deacylated antigens 
easily and tightly bind to the membrane of the sheep 
red blood cell. As the ompA, ompC and ompF pro- 
teins and protein e are devoid of acyl chains, another 
method had to be used for the determination of titers 
against these antigens. Methods tested, in which 
agglutination of heat-killed cells or agglutination or 
precipitation of detergent-solubilized antigens were 
determined, were either negative or very insensitive. 
A haemagglutination assay using red blood cells 
coated with sonically dispersed proteins gave irre- 
producible results, whereas detergents could not be 
used in this assay as they lyzed the red cells in 
extremely low concentrations. Finally a fast and 
sensitive haemagglutination assay was developed by 
first converting the protein by citraconylation to a 
water-soluble form, followed by covalent coupling of 
the modified protein with glutardialdehyde to the 
red cells. Using this assay antisera titers between 512 
and 4096 were usual. Antisera with titers below 512 
were not used in these experiments. As it was found 
later on that antisera against these proteins often 
contained anti-lipopolysaccharide and anti-lipopro- 
tein activity, it should be noted that the presence of the 
latter activities did not influcence the titers against 
the major proteins. 

Specificity of Antisera 

Problems encountered with respect to the specifi- 
city of antisera can best be illustrated with the results 
obtained with antisera against the porins. Preliminary 
experiments using the double-diffusion technique 
suggested that the three porins were partially identical 
(Fig. 1). However, from analysis of antisera against 
whole outer membrane preparations by cross-immuno- 
electrophoresis it is known that lipopolysaccharide 
and lipoprotein are much better immunogens than the 
major outer membrane proteins [49]. Haemagglutina- 
tion assays using lipopolysaccharide as the antigen 
showed that antisera raised against the major outer 
membrane proteins usually contained a low but 
significant anti-lipopolysaccharide activity. This ac- 
tivity could be removed by absorption with purified 
lipopolysaccharide without affecting the precipitation 
pattern in the double-diffusion test or antiserum 
titers against the proteins in the haemagglutination 
assay. Double-diffusion precipitation between anti- 
porin sera and the three pore proteins showed pre- 
cipitation lines of partial identity between the im- 
munogen and the other two porins (Fig. 1). However, 
when the purified proteins were preincubated with 

Fig. 1. Double-dijfusion precipiration between ltpopolysacrharide 
pretreated anti-(ompC protein) serum (central well) and ompC 
protein (wells I and 4 ) ,  ompF protein (well 2 ) ,  protein e (well 3) 
and ompA protein (well 5 ) .  No protein was added to well 6 

anti-lipoprotein serum, the thin precipitation lines 
between anti-(ompC protein) serum and the ‘cross- 
reacting’ ompF protein and protein e disappeared, 
while the precipitation line with ompC protein seemed 
hardly or not at all to be affected. Similarly, when the 
anti-(ompF protein) serum was used, treatment of 
the proteins with anti-lipoprotein serum resulted in 
a diminished precipitation line with the ompF protein 
and with protein e, while the precipitation line with 
ompC protein disappeared. Using the anti-e serum, 
preincubation of the proteins with anti-lipoprotein 
serum resulted in a diminished precipitation line with 
protein e, while the precipitation lines with ompC 
protein and ompF protein disappeared. As many 
possible explanations could by given for this result, 
ranging from cross-reactivity between the porins and 
lipoprotein to unknown common impurities in the 
immunogen preparation, we decided to test the 
specificity of the antisera by the gel immunoradioassay 
technique. After electrophoretic separation, the cell 
envelope components of strain PC0479 were allowed 
to react with the various antisera. The results (Fig. 2) 
showed that anti-(ompF protein) (Fig. 2 B) anti-e 
(Fig.2D) reacted with the ornpF and ompC protein 
as well as with lipoprotein, anti-(ompC protein) 
(Fig.2C) reacted with ompC protein and to a small 
extent with ompF protein and with lipoprotein, while 
anti-(ompd protein) (Fig. 2 E) and anti-lipoprotein 
(Fig.2F) reacted only with ompA protein and lipo- 
protein respectively. Other antigens were not detected. 
The results of Fig. 2 can either be explained by cross- 
reactivity of some porins with other porins and with 
lipoprotein or by contamination of some of the im- 
munogens with lipoprotein and/or with another porin. 

The possibility that the lipoprotein is antigenically 
related with the porins is very unlikely as applica- 
tion of the gel immunoradioassay technique on the 
purified porins using anti-lipoprotein showed that 
(a) a relatively high anti-lipoprotein titer in anti-porin 
sera corresponded with the presence of traces of 
lipoprotein in the immunogen which, although not 
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Fig. 2. Gel immunoradioassay technique applied on cell envelopes. 
After sodium dodecyl sulphate/polyacrylamide gel electrophoresis 
of a cell envelope fraction of E. coli K12 strain PC0479 on a 3-mm- 
thick gel followed by slicing of the gel, one section was stained (A), 
whereas others were incubated with antisera to ompF(B), ompC (C), 
(D) and ompA (E) proteins and anti-lipoprotein (F). After incuba- 
tion with 1Z51-labelled protein A, the bound IgG was detected by 
autoradiography. Only the relevant parts are shown 

detected by staining, could be visualized by the gel 
immunoradioassay technique (Fig. 3) ; (b) no reaction 
between anti-lipoprotein and the porins could be 
detected (Fig.2F). Thus, it is very likely that the 
presence of anti-lipoprotein activity in some antisera 
is due to contamination of the immunogen with the 
lipoprotein. 

The reaction of the anti-porin sera with other 
porins (Fig. 2) is unlikely to be caused by contamina- 
tion of the immunogen with the other pore proteins 
as (a) using the gel immunoradioassay technique on 
purified protein preparations, no porins could be 
detected with the various antisera other than the 
purified one; (b) when precipitates, obtained by in- 
cubation of labelled purified porin with the three 
anti-porin sera, were analyzed, no contamination by 
other porins was detected (Fig. 4). Therefore, we 
conclude that the reactions of porins with anti-porin 
sera are caused by antigenic relationships between 
the porins. 

Anti-(ompA protein) serum was specific as (a) the 
precipitation line obtained with ompA protein in the 
double-diffusion technique was not influenced by 
pretreatment of the antigen with anti-lipoprotein 
serum, and (b) it reacted only with the homologous 
protein in gel slices containing the separated cell 
envelope components (Fig. 2D). 

Sem iquan tita t ive Determination 
of the Immunological Relationship between 
the Major Outer Membrane Proteins 

Fig. 3. Gel immunoradioassay technique applied on purified ompA 
protein (a,  e ) ,  ompC protein (b,  f), ompF protein (c, g )  and pro- 
tein e (d ,  h) .  After sodium dodecyl sulphate/polyacrylamide gel 
electrophoresis of the proteins on a 3-mm-thick gel followed by 
slicing, one section was stained (a-d), while another was incubated 
with anti-lipoprotein (e- h), After incubation with 1251-labelled 
protein A, the bound IgG was detected by autoradiography. Only 
the relevant parts are shown 

Fig. 4. Autoradiogram of a gel containing precipitates obtained by 
incubation of 1251-labelledproteins with the various antisera. Analysis 
of precipitates obtained after incubation of 'z51-1abelled ompF 
protein (a-e), ompC protein (f-j) and protein e (k-o) with 
anti-(ompF protein) (a, f, k), anti-(ompC protein) (b, g, I), anti- 
(ompA protein) (c, h, m), anti-e (d, i, n) and normal rabbit serum 
(e,j, 0)  are shown. Only the relevant part of the gel is shown 

that this modification has not grossly damaged the 
antigenic determinants as (a) a double-diffusion pre- 
cipitation test carried out with the (specific) anti- 
(ompA protein) serum and the purified and citraconyl- 
ated forms of the ompA protein showed lines of 
identity between the two forms of the ompA protein, 
whereas the precipitates were about equally heavy 
and (b) comparison of the purified form with the 
citraconylated form of the ompC protein by immuno- 
precipitation of the iodinated proteins from a solution 
in detergent resulted in about equal amounts of antigen 
in the precipitates. Thus the haemagglutination in- 
hibition technique was used to obtain semiquantita- 
tive values for the antigenic relationships between 
the purified proteins. The relationships are expressed 

Although citraconylated proteins are used in 
the haemagglutination assay we are quite confident 

as the minimal relative amounts of the citraconylated 
proteins required to disturb the agglutination. The 
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Table 1 .  Inhibition of the haemagglutination reaction between antisera and red blood cells coated with the homologous citraconylated proteins 
by purified citrnconylated E. coli proteins 
Identical results were obtained with two independently raised antisera in case of the antisera to ompF, ompC and ompA proteins, while only 
one anti-e serum was tested. Citraconylated derivatives of the proteins were used both for coupling to the red cells as well as for 
haemagglutination inhibition tests. The minimal amount of homologous protein required to disturb the haemagglutination is defined 
as 1. The actual concentration correponding with this value was about 0.25 pg/ml. The minimal amounts of the other proteins required 
to disturb the agglutination are expressed relative to the required amount of the homologous protein. 

Antiserum Relative amount of protein required for inhibition 
~ ~ ~ ~ 

ompF" ompC e 
protein protein 

ompA 111 L rec bovine 
protein serum albumin 

Anti-(ompF protein) 1 64 4-8 >4x103 >4x lo3 >4x lo3 >4x103 
Anti-(ompC protein) 64- 128 1 64- 128 >4x lo3 >4x103 >4 x 103 > 4  103 
Anti-e 32 64 1 >4x 16 >4x  lo3 >4x 10' >4 x 103 
Anti-(ompA protein) >4 x lo3 >4x 103 r4x 103 1 >4~103 >4 x 103 >4x lo3 

a The results obtained with protein isolated from strains K12 and B were the same. 

results (Table 1) show that each of the three general 
porins has at least one antigenic determinant in com- 
mon with the other two porins. No relationship could 
be detected between the general pores and protein I11 
or the lambda receptor protein, the latter being a pore 
with a certain specificity [38]. The ompA protein was 
the only protein tested which reacted with anti- 
(ompA protein) serum. Preincubation of the proteins 
with anti-lipoprotein did not influence the haemag- 
glutination inhibition. Citraconylated bovine serum 
albumin, serving as an aspecific control, did not react 
with any of the antisera. 

Antigenic Relationships between Porins 
of E. coli K12 and Those 
of Other Gram-Negative Bacteria 

In order to test the possible antigenic relation- 
ships between porins of Escherichia coli and those of 
other gram-negative bacteria, we tested whether a 
preparation, which was only relatively pure, could be 
used in a haemagglutination inhibition test. Therefore 
pore proteins were isolated from appropriate E. coli 
K12 mutant strains and tested in the citraconylated 
form without being purified by column chromatog- 
raphy. No significant differences were found in the 
haemagglutination inhibition assay between the 
amounts of these proteins and of pure preparations 
required to inhibit agglutination. Therefore only 
relatively pure total peptidoglycan-associated pro- 
teins of Salnionetla typhimurium, Klebsiellu aerogenes, 
Enterohacter cloaceae, and Proteus mirabilis were 
isolated, citraconylated and tested for their ability 
to inhibit haemagglutination of E.  coli K12 porins 
by homologous antisera. The results (Table 2) show 
rather firm relationships between at least one of the 
porins of S. typhimurium and of K .  aerogenes with the 
the three E. coli porins. Surprisingly the reaction of 
the Salmonella porins with the anti-(ompF protein) 

Table 2. Antigenic reiationship between porins of E. coli and other 
gram-negative bacteria 
Peptidoglycan-associated proteins of the indicated bacteria were 
dissociated from the peptidoglycan. After removal of sodium 
dodecyl sulphate and salts they were citraconylated and tested on 
their ability to inhibit haemagglutination between purified E .  coli 
porins and their homologous antisera. See legend of Table 1 

Antiserum Relative amount of protein required for inhibition 

Salmonella Klebsiella Enterohacter Proteus 
typhimuriurn aerogenes cloaceae mirabihs 

- _ -  - -~ __ -- - - 

Anti-(om@ 

Anti-(ompC 

Anti-e 64 64 256 512 
Anti-(ompA 

protein) 0.25 1-16 1 16-64 

protein) 16 4 4 > lo3 

protein) > lo3 > 103 512 > 103 

serum was even significantly stronger than that of the 
homologous protein. The porin preparation from 
E. cfoaceae shows a strong relation with the ompF 
and ompC protein of E. coli, but seems less related to 
protein e. The reaction with anti-(ompA protein) is 
probably an artefact as traces of the ompA protein 
are sometimes found in peptidoglycan-protein com- 
plexes [41]. The porin preparation of P. mirahilis 
shows a relationship with the E. coli K12 ompF pro- 
tein, but hardly or not at all with the other tested 
E. coli porins. The reactions between the anti-(K12 
porinj sera and the porins of S. typhimurium were 
tested in more detail. Labelled, highly purified prep- 
arations of the individual s. typhimurium porins 
were tested in precipitation reactions. Subsequent 
analysis of the precipitates by sodium dodecyl sul- 
phate/polyacrylamide gel electrophoresis and auto- 
radiography showed that each of these porins can be 
precipitated with antisera to ompF, ompC and e pro- 
teins. 
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DISCUSSION 

The question of whether some of the outer mem- 
brane proteins of Escherichia coli K12 are related 
was approached by using several immunological 
methods. All these methods necessarily suffer from 
the problem that possible artefacts (modification by 
detergent or by citraconylation) have to be introduced 
in order to solubilize the proteins. Besides this, it 
appeared that the antisera used in this study, although 
elicited against extremely purified proteins, contained 
activity against lipopolysaccharide and lipoprotein, 
which is consistent with recently reported results 
[45]. The results clearly showed that a combination 
of methods is required to arrive to solid conclusions. 
Whereas the ompd protein seems not to be related 
to any of the other outer membrane proteins (Table 1 
and Fig.2), the three general porins, the ompC and 
ompF proteins and protein e, are clearly cross-reactive 
(Table 1). The alternative explanation of these results, 
namely impurities in the antigens and/or antisera, 
have been excluded (see Results, Fig. 2 and Fig. 4). 
Structural homologies between the porins are not 
surprising as their total amino acid composition [31, 
33,341 and their amino termini [30] are very similar. 
On the other hand analysis of cyanogen bromide 
fragments and proteolytic fragments [31,33,34] has 
shown that these porins also contain considerable 
inhomology. The observation that the three general 
porins are structurally related supports previous 
suggestions that they may have originated from the 
same ancestral gene [33,41]. No immunological rela- 
tions could be detected between the porins and the 
phage lambda receptor. Consistent with this result 
are reports showing that this lambda receptor forms 
more specific pores than the porins 1381 and differs 
also from the porins with respect to its total amino 
acid composition and amino terminus [50]. 

Based on the observations that different outer 
membrane proteins of E. coli K12 can be used as 
receptors for a certain phage [51,52], structural rela- 
tions between e and the ompA protein [51] and be- 
tween the ompF protein and the lambda receptor [52] 
can be expected. Such regions of homology were not 
detected in our experiments. This seemingly contra- 
dictory result can either be explained by (a) assuming 
that the, probably small, bacteriophage receptor site 
does not act as an antigenic determinant (b) differ- 
ential influences of the protein purification procedures 
on the conformation of the phage receptor site 
(c) different sites of the phage are used for recognition 
of the different receptors. 

It was recently shown that, without exception, 
the peptidoglycan-associated proteins of 45 recently 
isolated E. coli strains are cross-reactive with at least 
one of the porins of E. coli K12 and that one major 
protein is cross-reactive with the E. coli K12 ompA 

protein [48]. Moreover, the results of Table2 show 
that the cross-reactivity of the porins can be extended 
to other gram-negative bacteria. These results confirm 
those of Hofstra and Dankert, who showed that pro- 
teins, cross-reactive with the porins and with the 
ompA protein are present in all Enterobacteriaceae 
tested, whereas such a cross-reactivity was not detected 
with proteins of other gram-negative bacteria [53]. If 
such a cross-reactivity with these antisera, or antisera 
raised against native porins, can also be demon- 
strated in intact cells, the possibility that outer mem- 
brane proteins can be used as a common antigen for 
Enterobacteriaceae can be explored. Recent results 
have shown already that anti-(ompd protein) reacts 
with intact E. coli cells [54]. 
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