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Six monoclonal antibodies directed against the trimeric form of outer-membrane pore protein PhoE of 
Escherichia coli K-12 were isolated and characterized. All six antibodies bind to PhoE protein in intact cells and 
as isolated trimers, but not to dodecyl-sulphate-denatured monomers. Cross-reaction with the related pore 
proteins OmpF protein and OmpC protein was not observed. A hybrid pore protein in which the amino-terminal 
74 amino acids of PhoE protein have been replaced by the corresponding part of OmpF protein is able to 
bind the six monoclonal antibodies. Five of the antibodies bind to the PhoE proteins of thirteen different 
Enterobacteriaceae when expressed in E. coli K-12, whereas the other antibody recognizes PhoE protein from 
nine of these strains. Four monoclonal antibodies are able to block adsorbtion of the PhoE-protein-specific phage 
TC45 to its receptor on whole cells. None of the antibodies has any effect on the uptake rate of the antibiotic 
cefsulodin through PhoE protein pores. Five antibodies are able to direct the complement-mediated killing of 
PhoE-protein-carrying cells. It is concluded that the six monoclonal antibodies recognize at least three distinct 
cell-surface-exposed epitopes whose specificity is determined by the carboxy-terminal 256 amino acids of PhoE 
protein. 

OmpF protein, OmpC protein and PhoE protein of the 
Escherichia coli K-12 outer membrane form passive diffusion 
pores through which hydrophilic solutes of low molecular 
mass can pass this membrane [I]. OmpF and OmpC protein 
are synthesized constitutively, whereas the synthesis of PhoE 
protein is derepressed in cells which are grown under 
phosphate limitation [Z] or in cells carrying a mutation in one 
of the genes phoR, phoS, phoT or pst 131. Although the three 
proteins all have general pore properties, it has recently been 
shown that PhoE protein forms particularly efficient channels 
for organic and inorganic phosphate [4] and other negatively 
charged solutes [5 ] ,  (Korteland et al., unpublished). The 
structural genes for the three pore proteins, ompF, ompC and 
phoE, have been cloned and their nucleotide sequences have 
been established [6- 81. Comparison of the predicted amino 
acid sequences shows extensive homology between these pro- 
teins [7]. 

We are studying the relations between structure and func- 
tion of PhoE protein. For this purpose, monoclonal anti- 
bodies are very useful tools since they can be used for 
determining various structural and functional domains on the 
protein molecule. In this paper, we describe the isolation and 
characterization of six monoclonal antibodies that recognize 
the cell-surface-exposed part of PhoE protein. 

Abbreviations. SDS, sodium dodecyl sulphate; ELISA, enzyme- 
linked immuno sorbent assay; CIRA, cell immuno radio assay; 
GIRA, gel immuno radio assay. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, phages and growth conditions 

Escherichia coli K-12 strains with various pore protein 
patterns are listed in Table 1. Plasmids pJP14 191 and its de- 
rivative pJP29 both carry the cloned phoE gene of E. coli 
K-12. Plasmid pJP47 carries a hybrid ompF-phoE gene that 
codes for the synthesis of a hybrid pore protein in which the 
amino-terminal 74 amino acids of mature PhoE protein are 
replaced by the corresponding part of OmpF protein 
(Tommassen et al., unpublished). Derivatives of strain 
CE1194, harbouring R-prime plasmids containing phoE 
genes of E. coli strains of human origin and of other 
Enterobacteriaceae were obtained from C. Verhoef. The PhoE 
protein specific phage TC45 [lo] was from our laboratory 
stock. 

Bacteria were grown in L-broth 1111. Selective pressure 
against loss of plasmids was imposed by the presence of 
chloramphenicol, kanamycin or ampicillin at a concentration 
of 25 pg/ml, 25 pg/ml and 50 pg/ml, respectively. 

Isolation and characterization of cell fractions 

Cell envelopes were isolated by differential centrifugation 
after ultrasonic disintegration of the cells [12]. Protein- 
peptidoglycan complexes were isolated by extraction of cell 
envelopes at 60°C in a buffer containing 2% SDS, followed 
by ultracentrifugation [I 31. Porin trimers were dissociated 
from the peptidoglycan by incubation of protein- 
peptidoglycan complexes in a buffer containing 10 mM Tris/ 
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Table 1. Characteristics of bacterial strains 
Genotype descriptions follow the recommendations of Bachmann [28] 

Strain Relevand 
characteristics 

Pore protein pattern Source, reference 

PhoE OmpF OmpC 

+ + [91 
CE1195 phoS + + + 191 

141 

CE1194 phoSphoE - 

CE1222 phoS phoE ompR - - - 
CE1231 phoR ompR + Pi1 

- - 
CE1321 phoS ompR + - - J.  Korteland 
CE1322 - + + J .  Korteland 
CE1323 ompC - + - J. Korteland 
CE1324 ompF - - + J. Korteland 

- - J .  Korteland CE1248 phoR phoE ompR - 

HC1, 0.7 M 2-mercaptoethanol, 2% SDS, 10% glycerol, 
0.6 M NaCl, pH 7.3, for 30 rnin at 45°C [14]. Peptidoglycan 
was removed by centrifugation for 30 rnin at 240000 x g and 
the protein was precipitated from the supernatant by adding 
2 vol. of ethanol. After overnight incubation at 4°C the pre- 
cipitate was collected by centrifugation for 30 rnin at 
240 000 x g. Proteins patterns were analyzed by SDS/ 
polyacrylamide gel electrophoresis [ 121. For electrophoresis 
of porin trimers the samples were incubated for 30 rnin at 
37 "C instead of at 95 "C prior to application on the gel. Under 
these conditions the trimers migrate as a set of bands in the 
70 - 80-kDa range [15]. 

Isolation of hybridomas and preparation of monoclonal 
and polyclonal antibodies 

The PhoE protein preparation used for immunization was 
isolated as a complex with peptidoglycan from strain CE1222 
carrying plasmid pJP14. This preparation was emulsified with 
an equal volume of Freund's complete adjuvant and a volume 
containing 100 pg of PhoE protein was injected sub- 
cutaneously into each of two BALB/C mice. Three weeks later 
the same amount of protein in 10 mM potassium phosphate 
buffer pH 7.2 containing 0.9% NaCl (Pi/NaC1) was injected 
intraperitoneally. Four days later the mice were sacrified and 
the spleen cells used for fusion, essentially as described by 
Galfre et al. [16]. Myeloma cells (SP 2/0) were grown on 
Dulbecco's modified Eagle's medium supplemented with 1 5% 
fetal calf serum, penicillin (100 U/ml), streptomycin (100 pg/ 
ml) and 25 mM NaHC03, in an atmosphere of 7% COz in 
air. Approximately 4 x lo7 myeloma cells were fused with lo8 
spleen cells from immunized mice in the presence of 50% 
poly(ethy1ene glycol) 1000. Hybrid cells were selected in a 
medium supplement with 0.1 mM hypoxanthine, 0.4 pM 
aminopterin and 16 pM thymidine in the presence of 
thymocyte feeder cells. Hybrid cell lines, producing PhoE- 
protein-specific monoclonal antibodies, were cloned twice by 
limiting dilution. Approximately 1 O6 hybridoma cells in Pi/ 
NaCl were injected intraperitoneally into pristan-primed mice 
for the production of high titer ascites fluids. 

Polyclonal antisera against PhoE protein trimers were 
raised in rabbits as follows. Approximately 200 pg of purified 
protein in 500 pl Pi/NaCl was emulsified with an equal volume 
of Freund's complete adjuvant and injected subcutaneously 
into each rabbit. Three weeks later an identical injection was 
given. Another three weeks later, the rabbits received 
approximately 150 pg of protein in Freund's incomplete 
adjuvant. Blood was collected 1 week later. 

Immunological assays 

The enzyme-linked immunosorbent assay (ELISA), using 
whole cells as the immobilized antigen, was carried out 
according to a modified version of the procedure of Elder et al. 
[17]. Cells from overnight cultures were suspended in 50 mM 
Na2C03, pH 9.6, to an absorbance at 660 nm of 1.0 and 
coated on the surface of the wells of a polystyrene microtiter 
plate (Greiner Labortechnik, Nurtingen, FRG) by pipetting 
100 pl of the suspension in each well and drying the plate 
at 37°C. The wells were subsequently filled with Pi/NaCl 
containing 5% newborn calf serum and incubated for two 
hours at 37°C in order to block the remaining binding sites. 
The blocking solution was removed and 100 p1 aliquots of 
hybridoma culture supernatants were added to the wells. After 
incubation for two hours at 37 "C, the wells were washed ten 
times with Pi/NaCl and filled with 100 pl of horse-radish- 
peroxidase-conjugated goat anti-mouse IgG (Nordic Immu- 
nological Laboratories, Tilburg, The Netherlands), diluted 
1 :500 in Pi/NaCl containing 5% newborn calf serum. After 
incubation for another two hours at 3 7 T ,  the wells were 
washed ten times with Pi/NaCl and filled with 100 pl substrate 
(5  mM 5-amino-2-hydroxybenzoic acid, 0.02% HZOz). Posi- 
tive wells were scored visually after 15 rnin incubation at room 
temperature. 

A cell immuno radio assay (CIRA) procedure was used 
for the determination of the relative amount of antibody 
bound to intact cells. Cells from an overnight culture were 
suspended in Pi/NaCl to an absorbance at 660 nm of 1.5. To 
900 pl of this suspension a volume of 100 pl of ascites fluid, 
diluted 1:50 in Pi/NaCl, was added. After incubation for 
90 rnin at 37°C the cells were centrifuged, washed with 1 ml 
of Pi/NaCl and resuspended in 200 p1 of Pi/NaCl. After the 
addition of 10 pl of a solution of '251-labeled protein A [18], 
containing 15000 cpmipl, and subsequently incubation for 
90 rnin at 37 "C, the cells were pelleted, washed twice with 1 ml 
of Pi/NaCl, resuspended in 100 p1 of Pi/NaCl and counted in 
a Packard Autogamma spectrometer. 

The gel immuno radio assay (GIRA) was used for the 
detection of antibodies bound to purified PhoE protein 
trimers and monomers after separation of the antigens by 
SDS/polyacrylamide gel electrophoresis [ 19, 201. 

Effect of monoclonal antibodies on phage adsorbtion 

Exponentially growing cells were suspended in L-broth 
supplemented with 25 pg/ml of chloramphenicol to an 
absorbance at 660nm of 0.5. To 100-p1 aliquots of this 
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suspension 100 p1 of ascites fluid diluted in L-broth with 
chloramphenicol was added. After incubation for 90 min 
at 37"C, 20 pi of a suspension of phage, containing 
approximately 500 phage particles, was added and the incuba- 
tion was continued for 30 min. To measure the number of 
unadsorbed phages, aliquots of 100 p1 were removed and 
plated on chloramphenicol-containing L-broth solid medium 
with a derivative of strain CE1195 carrying the chlor- 
amphenicol-resistance plasmid pACYCl84 as the indicator 
strain. 

Effect of monoclonal antibodies on the uptake of cefsulodin 
Cells of an overnight culture were suspended in PJNaCl 

to an absorbance at 660 nm of 1.0 and ascites fluid was added 
to a final dilution of 1 : 10. After incubation at 37°C for two 
hours, the cells were centrifuged and resuspended in an equal 
volume of 10 mM Hepes, 5 mM MgC12, pH 7.0. This cell 
suspension was then used to measure the rate of uptake of the 
b-lactam antibiotic cefsoludin as described by Overbeeke et 
al. [21]. 

Complement-mediated killing of cells 
treated with monoclonal antibody 

Exponentially growing cells were suspended in 5 mM 
sodium barbital, 0.14 M NaCl, 0.15 mM CaC12, 0.5 mM 
MgC12, pH 7.35 to an absorbance at 660 nm of 0.5. A volume 
of 50 p1 of this suspension was mixed with 10 pl of guinea pig 
serum, diluted 1 : 2 in barbital buffer, and with 40 pl of ascites 
fluid, diluted 1 :20 in barbital buffer. After incubation for 
30min at 37"C, appropriate dilutions of the mixture were 
plated to determine the number of surviving cells. If required, 
complement was inactivated by incubation of guinea pig 
serum for 30 min at 56°C just before use. 

RESULTS 
Isotation of monoclonal antibodies 
directed against PhoE protein 

Mice were immunized with protein-peptidoglycan 
complexes isolated from a derivative of strain CE1222 
carrying plasmid pJP14. This strain produces large amounts 
of PhoE protein but none of the other pore proteins [l 11. The 
spleen cells of these mice were used for two separate fusion 
experiments. Since we intended to isolate monoclonal anti- 
bodies that bind to PhoE protein in intact cells, the hybridoma 
culture supernatants were screened using the whole-cell 
ELISA procedure, with cells of a plasmid-pJP14-carrying, 
and therefore PhoE-protein-producing, derivative of strain 
CE1222, as well as with those of the pore-protein-deficient 
strain CE1222 as the immobilized antigens. In the first exper- 
iment, supernatants from 48 wells gave a positive reaction 
against cells of strain CE1222 carrying pJP14, whereas in six 
wells no reaction was observed with cells of strain CE1222, 
lacking pJP14. In the second experiment, these number were 
18 and two, respectively. The eight hybrid cell lines that appar- 
ently produced PhoE-protein-recognizing monoclonal anti- 
bodies were chosen for further studies. They were cloned twice 
by limiting dilution, after which two hybridomas were no 
longer reactive in the whole cell ELISA. The remaining six 
cell lines were used for the production of ascites fluids. The 
five monoclonal antibodies derived from the first fusion exper- 
iment are named PP1-1 to 1-5, the one from the second exper- 
iment PP2-1. Using antisera specific for mouse IgG and IgM 
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Fig. 1. SDSIpolyacrylamide gel electrophoresis protein patterns andgel 
immuno radio assays ofpore protein preparalions from strains CE1321 
(slots 1 and 3 )  and CE1322 (slots 2 and 4 ) .  Protein samples were 
incubated at  95°C (slots 1 and 2) and 37°C (slots 3 and 4) in sample 
buffer prior to electrophoresis. After slicing of the gel, one slice was 
stained (A), whereas others were incubated with monoclonal antibody 
PP1-4 (B) or polyclonal antibodies against PhoE protein trimers (C). 
Binding of antibodies was detected by incubation with '2sI-labelled 
protein A and autoradiography. The other five monoclonal antibodies 
gave results similar to those with PP1-4 

as the second step in the whole-cell ELISA, it was shown that 
all six monoclonal antibodies belong to the IgG class. In the 
whole-cell ELISA the maximum dilution of ascites fluid that 
still gave a positive reaction was approximately 250000 for all 
antibodies except for PP1-2, for which this maximum dilution 
was approximately 25 000. After SDS/polyacrylamide gel 
electrophoresis of ascites fluids, the pattern of heavy and 
light IgG chain bands was not distinguishable for monoclonal 
antibodies PP1-I, PP1-3 and PP1-5, and unique for PP1-2, 
PP1-4 and PP2-1 (results not shown). 

Binding of monoclonal antibodies to purified PhoE protein 
The specificity of the monoclonal antibodies was investi- 

gated by studying their binding to purified pore proteins using 
the GIRA procedure (Fig. 1). Whereas none of the six mono- 
clonal antibodies shows any reaction with SDS-denatured 
PhoE protein, all of them react strongly with PhoE protein in 
its native, trimeric form, showing that the antibodies recognize 
conformational rather than sequential determinants. No reac- 
tion was found with trimers of OmpF protein or OmpC pro- 
tein, despite the fact that these three pore proteins show ex- 
tensive homology in their amino acid sequences [7]. 

A somewhat different result was obtained when polyclonal 
antibodies raised against PhoE protein trimers were used. 
After absorbtion with cell envelopes of the pore-protein- 
deficient strain CE1248 to remove antibodies directed against 
lipopolysaccharide and lipoprotein, antibody binding was 
also found to denatured PhoE protein and to trimers of OmpF 
protein and OmpC protein, albeit weaker than to trimers of 
PhoE protein (Fig. 1). The observed cross-reaction cannot be 
caused by antibodies to contaminating lipoprotein or 
lipopolysaccharide, since the absorbed antiserum did not react 
with these antigens (results not shown). 

Binding of monoclonal antibodies to PhoEprotein in intact cells 
Since the drying procedure used in the whole-cell ELISA 

might damage the structure of the outer membrane, the ob- 
served binding of the monoclonal antibodies to PhoE-protein- 
carrying cells forms no absolute proof for exposure of the 
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Table 2. Binding of monoclonal antibodies to intact cells 
Cells were incubated with diluted ascites fluid, and then with 12SI-labeled protein A. The amount of bound radioactivity after washing of the 
cells is indicated as counts per minute. The numbers represent one of several experiments with similar results. n.t., not tested 

Antibody Strain (produced pore protein) 
~ ~ 

CE1248/ CE1248/ CE1321 CE1323 CE1324 CE1248/pJP47 
pACYC184 pJP29 
(none) (PhoE) (PhoE) (OmpF) (OmPC) (OmpF-PhoE hybrid) 

None 
PP1-1 
PP1-2 
PP1-3 
PPI-4 
PPI-5 
PP2-1 
Polyclonal antibodies 

270 
540 
960 
490 
500 
470 
820 
840 

280 
48900 
3 1260 
62700 
63100 
59900 
68300 
54400 

570 
42200 
24600 
32000 
48600 
34100 
35900 
42800 

300 
700 
500 
600 

1000 
790 

1500 
750 

280 
960 
520 
750 

1250 
500 

1200 
680 

520 
56500 
39200 
57500 
72500 
56400 
59400 
n.t. 

Table 3. Binding of monoclonal antibodies to cells carrying PhoE pro- 
teins from various enterobacteriaceae 
Binding of antibodies was determined using the CIRA procedure. All 
PhoE proteins were produced by derivatives of strain CE1194 carrying 
R-prime plasmids with the corresponding cloned phoE genes. (+) 
Antibody binding equal to cells producing E. coli K-12 PhoE protein; 
(-) antibody binding equal to cells lacking PhoE protein 

Source o f  PhoE protein Monoclonal antibody 

PPI-1 PP2-1 
to 3-5 

Escherichia coli U4 1201 
Escherichia coli U20 1201 
Escherichia coli F2 1201 
Escherichia coli F3 [20] 
Escherichia coli F8 [20] 
Escherichia coli F11 [20] 
Escherichia coli S4 1201 
Escherichia coli C 1291 
Shigella Jexneri 1301 
Enterobacter cloacae 1301 
Citrobacter freundii 1301 
Klebsieiia pneumoniae 1301 
Klebsiella aerogenes 1301 

+ + + + + + + + 
+ + + + 
+ + 
+ + + + + + + + 

- 

- 

- 

- 

epitopes at the cell surface. Therefore, the ability of the six 
monoclonal antibodies to bind to intact cells carrying various 
pore proteins was also studied with the CIRA procedure. The 
results are shown in Table 2. No binding of antibodies could 
be detected to cells of the pore-protein-deficient strain CEI 248 
carrying plasmid pACYCl84. However, abundant binding of 
all six monoclonal antibodies was found when the cells carried 
the phoE' plasmid pJP29. In order to see whether the mono- 
clonal antibodies could also bind to cells carrying the related 
pore proteins OmpF protein and OmpC protein instead of 
PhoE protein, a CIRA experiment was carried out using cells 
of strains CE1321, CE1323 and CE1324, which produce PhoE 
protein, OmpF protein and OmpC protein, respectively, as 
the onlycpore protein. As binding to cells producing only 
pore proteins other than PhoE protein was virtually absent 
(Table 2), it can be concluded that the monoclonal antibodies 
are also specific for PhoE protein in intact cells. Interestingly, 
binding of all six monoclonal antibodies was also observed 
when cells of a derivative of strain CE1248, producing a 
hybrid OmpF-PhoE protein due to the presence of plasmid 

pJP47, were used (Table 2). Since in this hybrid protein the 
amino-terminal 74 amino acids of PhoE protein have been 
replaced by the corresponding part of OmpF protein, it can 
be concluded that the epitopes must be located at least 
partially on the carboxy-terminal 256 amino acids of PhoE 
protein. We also tested the binding of polyclonal antibodies 
raised against the trimeric form of PhoE protein. After 
absorbtion with cells of the pore-protein-deficient strain 
CE1248 to remove antibodies directed against lipopoly- 
saccharide present as contaminant in the anti-PhoE protein 
serum, antibody binding was observed to cells carrying PhoE 
protein, but not to cells carrying OmpF protein or OmpC 
protein (Table2). This result shows that there is no cross- 
reactivity between the cell-surface-exposed parts of these three 
related pore proteins. 

We also investigated the ability of the monoclonal anti- 
bodies to bind to cells of derivatives of strain CE1194 
harbouring R-prime plasmids carrying cloned phoE genes 
derived from various Escherichia coli strains of human origin 
and other species of Enterobacteriaceae (Verhoef, C., personal 
communication). As is shown in Table 3, the monoclonal 
antibodies PPI-1 to PPI-5 are able to bind to all thirteen PhoE 
proteins tested. However, in four cases binding of monoclonal 
antibody PP2-1 was not detected. 

Effect of monoclonal antibodies on phage binding 
and pore properties of PhoE protein 

The question whether the monoclonal antibodies could 
prevent adsorbtion of phage TC45 to its receptor site on PhoE 
protein was investigated. As is shown in Table 4, four of the 
six monoclonal antibodies completely inhibit adsorbtion of 
TC45 to PhoE-protein-carrying cells of strain CE1321. No 
effect was found with antibodies PPI-2 and PP2-1, not even 
when higher concentrations of monoclonal antibody were 
used to compensate for differences in the titers of the ascites 
fluids. No effect was found either with the absorbed 
polyclonal antiserum against the trimeric form of PhoE pro- 
tein. 

Strain CE1195 was used to study the possible effect of 
monoclonal antibodies bound to PhoE protein on adsorbtion 
to these cells of phages TuIa and Mel, specific for OmpF 
protein and OmpC protein, respectively. However, no such 
effects were found (Table 4), showing that inhibition of phage 
adsorbtion by IgG molecules is spatially limited to the protein 
in question and is not extended to neighbouring pores. 
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Table 4. Effect of monoclonal antibodies on phage adsorbtion 
Cells were first incubated with antibody, after which phage was allowed to adsorb. The number of unadsorbed phages was then determined. 
The numbers represent one of several experiments with similar results. n.t., not tested 

Antibody Number of unadsorbed phages 

TC45 (PhoE protein) TuIa (OmpF protein) Me1 (OmpC protein) 

Antibody dilution Undiluted Antibody Undiluted Antibody Undiluted 

1:25 1:250 1 :25 1:25 
dilution dilution 

PP1-1 440 430 12 6 
PPI-2 0 2 6 6 
PPI-3 420 360 6 5 
PPI-4 440 400 13 11 
PPI-5 410 350 11 11 
PP2-1 9 2 12 9 
Polyclonal antibodies 10 n.t. n.t. 
No antibody 2 14 8 
No antibody, no cells 440 320 430 

To study possible effects of the monoclonal antibodies on 
the pore function of PhoE protein the permeation of the 
b-lactam antibiotic cefsulodin through PhoE protein pores 
was measured in the presence or absence of monoclonal anti- 
body. Uptake was measured with a derivative of strain 
CE1237 carrying plasmid pBR322 for the production of p- 
lactamase. Cells were incubated with the monoclonal or 
polyclonal antibodies before use in uptake experiments. How- 
ever, none of the six monoclonal antibodies nor the polyclonal 
antiserum caused a significant change in the rate of uptake of 
cefsulodin (results not shown). 

Table 5.  Complement-mediated killing of cells treated with monoclonal 
antibody 
Cells were incubated with guinea pig serum and ascites fluid, after 
which the remaining number of viable cells was determined. The 
numbers represent one of several experiments with similar results 

Monoclonal x Number of surviving cells 
antibody 

CE1321 (PhoE+) CE1322 (PhoE-) 

complement complement complement complement 
inactive active inactive active 

Use of monoclonal antibodies and complement 
for specqic killing of cells that carry PhoEprotein 

Killing of bacterial cells by the combined action of anti- 
body and complement can be made dependent upon the pres- 
ence of a specific outer membrane protein by using a specific 
antiserum [22] or monoclonal antibody (Schwartz, M., 
personal communication) that binds to epitopes present at the 
cell surface. Since this should enable one to select for mutants 
that produce a PhoE protein with altered antibody binding 
properties, we have tested the isolated PhoE-protein-specific 
monoclonal antibodies for this ability. The results are pres- 
ented in Table 5. Using the isogenic strains CE1321 and 
CE1322, a reduction in the number of viable cells by the 
combined action of monoclonal antibody and active comple- 
ment was found only with the PhoE-protein-carrying strain 
CE1321. The strongest reduction was observed for mono- 
clonal antibodies PP1-1 and PP1-4. The effect was somewhat 
less for antibodies PP1-3, PP1-5 and PP2-1, whereas PP1-2 
gave no significant reduction. Similar results were obtained 
when larger amounts of monoclonal antibody were used (re- 
sults not shown), indicating that the observed differences in 
reduction are not caused by differences in antibody titer. 

DISCUSSION 
In this paper we describe six monoclonal antibodies which 

recognize the cell-surface-exposed part of PhoE protein. 
Overbeeke et al. 1231 have reported that polyclonal antibodies 
against monomers of any one of the pore proteins always 
show a considerable degree of cross-reactivity with monomers 

_ _ _ ~  

None 1020 1110 860 890 
PPI-1 1710 7 1030 1290 
PPI-2 910 850 1240 750 
PPI-3 1380 140 730 880 
PPI-4 1660 9 470 1020 
PP1-5 1120 120 940 560 
PP2-1 790 1 40 590 880 

of the other two proteins. This result is consistent with later 
results which showed that the primary structure of the three 
proteins is strikingly similar, the regions of differences be- 
tween all three proteins being only 9% of the total chain 
length 171. Despite this striking similarity the results of the 
present paper show that none of the six monoclonal antibodies 
against the trimeric form of PhoE protein recognizes OmpC 
protein or OmpF protein. As these monoclonal antibodies 
are directed against cell-surface-exposed epitopes and as the 
major differences in the primary structure of the three proteins 
were found in hydrophilic regions [7], our results strongly 
support the assumption [7] that the most pronounced 
differences between the three proteins are facing the outside 
or inside of the outer membrane. In agreement with this is 
our observation that polyclonal antibodies against the 
trimeric form of PhoE protein cross-react with OmpF protein 
or OmpC protein as isolated trimers (Fig. 1) but not in intact 
cells (Table 2). None of the six monoclonal antibodies recog- 
nizes the denatured, monomeric form of PhoE protein, which 
is in agreement with the observation of Hofstra and Dankert 
[24] that pore protein trimers and monomers behave like 
practically unrelated antigens. 



All six monoclonal antibodies are able to bind to an 
OmpF-PhoE hybrid protein (Table 2), in which the amino- 
terminal 74 amino acids of PhoE protein have been replaced 
by the corresponding part of OmpF protein. Since none of 
the antibodies binds to OmpF protein, it must be concluded 
that the specificity of their epitopes is determined by the 
carboxy-terminal 256 amino acids of PhoE protein. In addi- 
tion, it can be concluded that the monoclonal antibodies do 
not recognize the same part of PhoE protein as is recognized 
by phage TC45, since the OmpF-PhoE hybrid protein is no 
longer recognized by this PhoE-protein-specific phage 
(Tommassen et al., unpublished). In agreement with this is 
the observation that all six monoclonal antibodies can bind 
normally to a mutant PhoE protein (results not shown), in 
which the substitution of a histidine for an arginine residue 
at position 158 has caused resistance to phage TC45 
(Korteland et al., unpublished). 

Since our monoclonal antibodies perfectly discriminate 
PhoE protein from the strongly related 17, 231 OmpF and 
OmpC proteins (Table 2), the result that five of the six mono- 
clonal antibodies recognize the PhoE proteins of thirteen 
isolates of Escherichia coli and other Enterobacteriaceae 
(Table 3 )  is striking. Therefore, at least the cell-surface-ex- 
posed parts of the structures of the various PhoE proteins 
recognized by these monoclonal antibodies must be extremely 
well conserved. 

In attempt to subdivide the monoclonal antibodies we 
have studied their effect on two PhoE-protein-associated 
functions. Blocking of the receptor site for phage TC45 on 
PhoE protein was observed with four of the six monoclonal 
antibodies (Table 4). Apparently, monoclonal antibodies 
PP1-1 and PP2-1 bind to a part of the PhoE protein trimer 
that is not involved in the binding of phage TC45. Using the 
rate of uptake of cefsulodin as a measure for the pore function 
of PhoE protein, no effect of the monoclonal antibodies was 
found. It must therefore be concluded that all monoclonal 
antibodies bind to sites that are not involved in the functioning 
of the pore. 

As one of our goals is to use these monoclonal antibodies 
for the selection of mutants changed in parts of PhoE protein 
that are surface-exposed in whole cells, it is important to 
classify them in groups that recognize different epitopes. 
Various approaches were used for this purpose. On the basis 
of binding to PhoE proteins coded for by various 
Enterobacteriaceae (Table 3) ,  it is clear that monoclonal anti- 
body PP2-1 is the single representative of a class, class I, 
which differs from the others. Similarly, of the remaining five 
monoclonal antibodies, PP1-2 is the only representative of 
class I1 as it differs from the others on the basis of inhibition 
of phage TC45 adsorbtion (Table 4). The remaining four 
monoclonal antibodies form class 111, which can be further 
subdivided on the basis of the extent of complement-mediated 
killing (Table 5 )  or of the positions of the heavy-chain and 
light-chain IgG bands after SDS/polyacrylamide gel 
electrophoresis (see Results). However, these latter two cri- 
teria reflect differences in isotype and not in antigen binding 
site. Therefore, it must be concluded that the six monoclonal 
antibodies recognize at least three distinct epitopes on PhoE 
protein. 

The only other E. coli outer membrane protein against 
which monoclonal antibodies have been described is LamB 
protein [25]. These antibodies recognize epitopes on the pro- 
tein both at  the outer and inner surfaces of the outer 
membrane [26], and the epitopes for two antibodies have been 
located in the carboxy-terminal 70 amino acids [27]. Of the 

four antibodies that bind to the cell-surface-exposed part of 
LamB protein, two inhibit the transport of maltose, whereas 
all four block the receptor sites for LamB-specific phages 1251. 

We intend to map the binding sites for the isolated six 
monoclonal antibodies on the PhoE polypeptide chain. The 
identification of these sites will give important information 
on the topology of the protein in the outer membrane. The 
present work suggests several approaches to this goal. Firstly, 
mutant PhoE proteins with altered antibody-binding proper- 
ties can be isolated, using the complement-mediated killing of 
cells with bound monoclonal antibody as selection procedure 
(Table 5). Secondly, more OmpF - PhoE and OmpC - PhoE 
hybrid proteins can be isolated and characterized. Thirdly, 
the predicted amino acid sequences of PhoE protein form 
E. coli K-12 and from other strains that do not bind mono- 
clonal antibody PP2-1 (Table 3 )  can be compared. Work along 
these three lines is in progress in our laboratory. 

We thank Dolf Evenberg for his advice on various immunological 
techniques and Cees Verhoef for providing us with strains. This work 
was supported by the Netherlands Foundation for Chemical Research 
(S.O.N.) with financial aid from the Netherlands Organization for 
the Advancement of Pure Research (Z.W.O.). 

REFERENCES 
1. Nikaido, H. (1979) in Bacterial outer membranes: biogenesis and 

functions (Inouye, M., ed.) pp. 361 -407, Wiley-Interscience, 
New York. 

2. Overbeeke, N. & Lugtenberg, B. (1980) FEBS Lett. 112, 229- 
232. 

3. Tommassen, J. & Lugtenberg, B. (1980) J. Bacteriol. 143, 151 - 
157. 

4. Korteland, J., Tommassen, J. & Lugtenberg, 8. (1982) Biochim. 
Biophys. Acta 690,282- 289. 

5. Benz, R., Darveau, R. & Hancock, A. (1984) Eur. J .  Biochem. 

6. Inokuchi, K., Mutoh, N., Matsuyama, S. & Mizushima, S. (1982) 

7. Mizuno, T., Chow, M.-Y. & Inouye, M. (1983) J .  Biol. Chem. 

8. Overbeeke, N., Bergmans, H., van Mansfeld, F. & Lugtenberg, 

9. Tommassen, J., Overduin, P., Lugtenberg, B. & Bergmans, H. 

140,319-324. 

Nucleic Acids Res. 10, 6957 - 6968. 

258,6932 - 6940. 

B. (1983) J. Mol. Biol. 163, 513-532. 

(1982) J .  Bacteriol. 149,668-672. 
10. Chai, T. & Foulds, J. (1978) J.  Bacteriol. 135, 164- 170. 
11. Tommassen, J., van Tol, H. & Lugtenberg, B. (1983) EMBO J .  

12. Lugtenberg, B., Meyers, J., Peters, R., van der Hoek, P. & van 

13. Rosenbusch, J. P. (1974) J .  Biol. Chem. 249,8019-8029. 
14. Nakamura, K. & Mizushima, S. (1976) J.  Biochem. (Tokyo) 80, 

15. Van Alphen, L., Lugtenberg, B., van Boxtel, R., Hack, A.-M., 
Verhoef, C. & Havekes, L. (1979) Mol. Gen. Genet. 169, 147- 
155. 

16. Galfre, G., Howe, S. C., Milstein, C., Butcher, G. W. & Howard, 
J. M. (1977) Nature (Lond.) 266, 550-552. 

17. Elder, B., Boraker, D. & Fives-Taylor, P. (1982) J .  Clin. Microbiol. 

18. Markwell, M. A. K. & Fox, C. F. (1978) Biochemistry 17,4807- 

19. Poolman, J. T. & Zanen, H. C. (1980) FEMS Microbiol. Lett. 7, 

20. Overbeeke, N. & Lugtenberg, B. (1980) J .  Gen. Microbiol. 121, 

21. Overbeeke, N. & Lugtenberg, B. (1982) Eur. J .  Biochem. 126, 

22. Gabay, J. (1977) FEMS Microbiol. Lett. 2, 61 -63. 

2,1275-1279. 

Alphen, L. (1975) FEBS Lett. 58,254-258. 

1411 - 1422. 

16,141 - 144. 

4817. 

293 - 296. 

373 - 380. 

113-118. 



407 

23. Overbeeke, N., van Scharrenburg, G. & Lugtenberg, B. (1980) 

24. Hofstra, W. & Dankert, J. (1981) J.  Gen. Microbiol. 125, 285- 

25. Gabay, J. & Schwartz, M. (1982) J. Biol. Chem. 257,6627-6630. 
26. Schenkman, S., Couture, E. & Schwartz, M. (1983) J .  Bacteriol. 

27. Gabay, J., Benson, S. & Schwartz, M. (1983) J .  Biol. Chem. 258, 

28. Bachmann, B. J. (1983) Microbiol. Rev. 47, 180-230. 
29. Lugtenberg, B., Bronstein, H., van Selm, N. & Peters, R. (1977) 

30. Hofstra, H. & Dankert, J. (1981) J .  Gen. Microbiol. 119, 123- 

Eur. J .  Biochem. 110, 247-254. 241 0 - 241 4. 

292. 
Biochim. Biophys. Acta 465, 571 - 578. 

155.1382-1392. 131. 

P. van der Ley, H. Amesz and J. Tommassen, 
Laboratorium voor Moleculaire Celbiologie der Rijksuniversiteit te Utrecht, Transitorium 3, Universiteit’s Centrum ‘De Uithof‘, 
Padualaan 8, NL-3584-CH Utrecht, The Netherlands 
B. Lugtenberg, Botanisch Laboratorium, Rijksuniversiteit Leiden, 
Nonnensteeg 3, NL-2311-VJ Leiden, The Netherlands 




