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An investigation of Proteus mirabilis wild-type strains and their various derived
L-forms shows that the enterobacterial common antigen (ECA) is localized in the
outer membrane of the cell envelope of these strains. In strains where the outer
membrane is lacking (stable protoplast L-forms) or where its amount is reduced
(spheroplast UL19) no ECA or only reduced amounts of it are detected by
serological tests or by ferritin-labeling techniques.

In the preceding paper (19), it was shown that
the enterobacterial common antigen (ECA) is
readily accessible for specific antibodies in whole
cells of Escherichia coli. The conclusion is
therefore inevitable that ECA is localized in the
outer membrane of this organism. On the other
hand, it was found by Domingue and Johnson
(1) and Johnson et al. (6) that ECA specificity
was distributed between the outer and the cy-
toplasmic membrane after fractionation of the
E. coli cell envelope. However, ECA is an am-
phophilic molecule (10, 16, 23) showing a high
affinity for membranes, and these authors could
not exclude the possibility that ECA had been
redistributed between both membranes during
the fractionation procedure (1, 2). In this paper,
Proteus mirabilis wild type and L-forms are
examined for the presence of ECA to investigate
whether ECA is localized solely in the outer
membrane or distributed also in the cytoplasmic
membrane or the cytoplasm.

P. mirabilis is able to survive in the presence
of high concentrations of penicillin and to mul-
tiply as the unstable L-form. These cells are
fragile spheroplasts with a defective cell wall
which still synthesize outer membrane and pep-
tidoglycan (5, 7, 14). A second type of L-form,
the stable protoplast L-form, has completely lost
its cell wall. The sole remaining surface layer is
the morphological equivalent of the bacterial
cytoplasmic membrane. Neither peptidoglycan
nor major outer membrane proteins can be de-
tected, but small amounts of lipopolysaccharide
are still retained in the protoplast membrane (3,
4, 7, 13). Therefore, the two types of L-forms
seemed to be well-suited organisms with which
to investigate the problem of ECA localization.
The results reported in this paper (i.e., ECA
present in the P. mirabilis wild-type and unsta-
ble spheroplast L-form, but no ECA detectable
in the stable protoplast L-form) strongly indicate

that ECA is exclusively located in the outer
membrane of the enterobacterial cell.

MATERIALS AND METHODS

Chemicals. Ferritin-conjugated and fluoresceine-
labeled goat anti-rabbit immunoglobulin G (IgG) were
obtained from Miles, Elkhart, Ind.

Bacterial strains. Stable protoplast L-forms
LD52, LVI and the unstable L-form spheroplast UL19
were obtained from P. mirabilis wild-type strains D52,
VI, and 19 by penicillin treatment as described by
Gmeiner et al. (3) and Martin and Gmeiner (14).

Antisera. Antisera were obtained by intravenous
immunization of New Zealand White rabbits. Rabbits
were immunized three times at 4-day intervals with
increasing amounts of a living suspension of the im-
munogenic ECA strain E. coli F470 (15, 20). The
resulting antisera were absorbed with the ECA-nega-
tive mutant E. coli F1283 as described in the preceding
paper (20) and were then separated on a Sephadex G-
200 column into the IgM and IgG antibody fraction
(20).

Serological methods. Passive hemagglutination
and its inhibition were performed with human eryth-
rocytes (bloodgroup A) as described in detail by Neter
(17) and Ménnel and Mayer (12). Briefly, 25 ul of a
dilution of cell extract containing from 250 to 1 pg of
material was added to 25 pl of an appropriate serum
dilution (3 hemagglutination units). After incubation
for 1 h at 37°C, 50 pl of a suspension of sensitized
erythrocytes was added, and the microtiter plates were
incubated again for the same time. The lowest concen-
tration of cell extract still giving a total inhibition of
the hemagglutination reaction was determined by vis-
ual examination.

Immunoelectrophoresis was carried out by the mi-
crotechnique of Scheidegger (21) with an electropho-
resis chamber from Gelman Instrument Co. (model
51170-1) and a sodium barbiturate buffer of pH 8.6 at
a field strength of 10 V/cm for 1 h.

Labeling with ferritin. For the labeling and con-
trol experiments, the indirect labeling procedure with
isolated IgG obtained from an absorbed ECA antise-
rum was used as described recently in detail by Geyer
et al. (2) and in the preceding paper (19).
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Electron microscopy. The freeze-etch prepara-
tion and the electron microscopical examination of
labeled bacteria were performed as described in the
preceding paper (19).

For thin sectioning, labeled bacterial cells were fixed
for 2 h in 2% glutardialdehyde in 0.05 M cacodylate
buffer of pH 7.1 (17). Fixed cells were washed in
barbital-buffered saline, suspended in agar, dehy-
drated in ethanol (8), and embedded in Epon (9).
Sections were mounted on copper grids coated with
Formvar and were stained with uranyl acetate and
lead citrate (19). These sections were also examined in
a Philips EM 400 electron microscope.

Labeling with fluorescent antibodies. Bacteria
labeled with the IgG fraction of an absorbed ECA
antiserum were incubated with commercial fluores-
cent goat anti-rabbit IgG. Details of the procedure are
given in the preceding paper (20).

‘ RESULTS AND DISCUSSION

ECA content of bacterial strains. The
ECA content of P. mirabilis strains (wild types,
spheroplasts, and protoplasts) was determined
by serological techniques with a high-titered
precipitating ECA antiserum (12, 20). Superna-
tants of heated bacterial suspensions, or phenol-
water extracts of bacteria, were used as sources
of ECA for passive hemagglutination and for
agar gel precipitation (Ouchterlony and electro-
phoresis). High ECA titers were obtained in
passive hemagglutination with all three wild-
type strains (Table 1) whether 100 pl or 1 ml of
the supernatant was taken for erythocyte sensi-
tization (for details, see legend to Table 1). The
spheroplast UL19 showed a considerably lower
hemagglutination titer, especially when the 100-
ul amount was taken for erythrocyte coating.
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In contrast, the two stable protoplast L-forms
were found to lack ECA. When 1 ml of the !
supernatant from strain LVI was used for coat-
ing the erythrocytes, only a low hemagglutina-
tion titer was obtained. With the wild-type
strain, 10 pl of the supernatant was enough to
coat the erythrocytes and to obtain a hemagglu-
tination titer of about 640. Similar results were
obtained in the inhibition reaction, where ex- '
tracts from the protoplast L-forms were non-
inhibiting. Surprisingly the spheroplast phenol-
water extract contained a large amount of inhib-
itory substance. A similar finding was made by
Whang and Neter (24) with glycine-induced
spheroplasts of Salmonella typhi. In their ex-
periments the supernatant of the suspension
failed to modify erythrocytes for ECA aggluti-
nation, whereas the spheroplast suspension itself
inhibited hemagglutination. Considering the
heterogeneity of ECA (10-12), it is possible that
not all ECA species are reduced to the same
extent in spheroplasts.

The results in agar gel precipitation and im-
munoelectrophoresis are also depicted in Table
1 and indicate that phenol-water extracts from
spheroplasts again show a reduced capacity to
react with ECA antiserum and that extracts
from protoplasts fail to react.

Ferritin-labeling studies. By using the in-
direct labeling technique, no adhering ferritin
particles were seen in preparations of protoplast
LD52 (Fig. 1), whereas good or moderate label-
ing was seen in the preparations of the wild-
types (not shown) and of the spheroplast UL19.
With spheroplast UL19 (Fig. 2), some areas with

TABLE 1. Serological activity of extracts from P. mirabilis wild-type cells, sphero- and protoplasts with an
ECA antiserum

Titers in passive hemagglutination with:

Inhibition of pas-
sive hemagglutina- Precipita-
P. mirabilis strain Eupematant 05 Phenol-water extracts® tion (mingzml in- tionpin
eated culture’ hibiti oel?
ibiting dose, pg/ agar-gel'
A B c D mb
Wild type
D52 5.120 5.120 5.120 10.240 62.5 ++
VI 5.120 5.120 5.120 10.240 62.5 ++
19 5.120 5.120 2.560 5.120 62.5 ++
Spheroplast
UL19 320 1.280 160 1.280 62.5 +
Protoplast
L D52 <10 <10 <10 <10 >250 -
LVI <10 160 <10 <10 >250 -

2 A 50-mg bacterial dry mass was heated (1 h, 100°C) in 5 ml of saline; 25 pl of erythrocyte sediment was
incubated with (A) 100 ul or (B) 1 ml of the supernatant fraction.

® Erythrocytes (25 ul of packed cells in 5 ml of saline) were incubated with (C) 100 ug or (D) 400 ug of
lyophilized aqueous phase material of phenol-water extracts from cells.

¢ Aqueous-phase material from phenol-water extracts was used as inhibitor, ECA from strain D52 was used
as indicator antigen, and rabbit antiserum against E. coli F470 (20) was used as ECA antiserum.

9 Lyophilized aqueous-phase material (0.1% in saline) was used for agar gel precipitation in Ouchterlony and

immunoelectrophoresis.
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F16. 1. Freeze-etching of P. mirabilis protoplast LD52 after labeling by the indirect method (IgG from
absorbed ECA antiserum; ferritin-conjugated goat anti-rabbit IgG). The outer fracture face of the cell
envelope (CE) is completely devoid of ferritin particles. PF marks the inner fracture face of the cytoplasmic
membrane, the arrow in the upper left corner indicates the direction of shadowing, the bar represents 100 nm;
magnification is 100,000-fold.

Fi1G. 2. Freeze-etching of P. mirabilis spheroplast UL19 after labeling by the indirect method (for details,

see legend to Fig. 1). The etched surface of the outer side of the cell envelope (CE) shows a number of ferritin
particles (indicated by small arrows) and one bleb (b).
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Fi1G. 3. Freeze-etching of P. mirabilis spheroplast UL19 (negative control to Fig. 2) after labeling by the
indirect method (IgG from serum of nonimmunized rabbit and ferritin-conjugated anti-rabbit IgG). The outer
face of the cell envelope (CE) shows no ferritin particles. Some so-called blebs (b) are detectable at the surface
of the cell. For details see text and legend to Fig. 1. The magnification is 80,000-fold.
Fi1c. 4. Ultrathin section of protoplast LD52 from P. mirabilis after labeling by the indirect method (IgG
from absorbed ECA-antiserum and ferritin-conjugated goat anti-rabbit IgG). The cell envelope (CE) shows
no ferritin particles. The bar represents 100 nm; magnification is 100,000-fold.
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ferritin label and some without ferritin particles
were observable, probably reflecting the location
of the residual outer membrane material.

In a control experiment the spheroplast UL19
was labeled by the indirect method with the IgG
fraction of a normal rabbit serum and a com-
mercial goat anti-rabbit IgG conjugated to fer-
ritin (Fig. 3). The surface of the freeze-etched
spheroplast has a smooth appearance without
any ferritin particles adhered; however, some
blebs (indicated as b in Fig. 2 and 3) are recog-
nizable. These blebs were reported by Smit et
al. (22) to represent vesicles of outer membrane
material and to occur especially in enterobacte-
rial R mutants (see also reference 20). Their
presence in the spheroplast and absence in pro-
toplast L-forms agree with the assumption that
they contain outer membrane material.

These findings by ferritin-labeling agree with
the above-discussed results by serological tech-
niques.

Ultrathin sections. Ultrathin sections of la-
beled protoplast LD52 are shown in Fig. 4. No
residual outer membrane material and no ferri-
tin particles are recognizable on the outside of
the cell envelope (CE).

Studies with fluorescent antibodies. In-
direct labeling with fluorescent antibodies also
demonstrated the presence of ECA. The sphe-
roplasts showed a rather intense fluorescence,
but only during the few minutes when the cells
were still alive. The distribution of the fluores-
cent intensity was approximately the same as
found recently (20) for ECA-containing nonim-
munogenic E. coli strains. However, instead of
the cell surface fluorescing, only two or three
brightly stained areas were visible. These re-
gions were not fixed but moved over the surface
of the spheroplast, sometimes joining and some-
times separating again. Under irradiation with
UV light, the spheroplasts UL19 were unstable,
bursting in 2 to 5 min. No intact cells could be
found in the sediment layer; the fluorescence
was adhering to amorphous particles.

Protoplast L-forms showed no fluorescence
when examined under the UV microscope.

From the results of this investigation, it is
obvious that ECA is restricted to the outer mem-
brane of the cell envelope. Even though sphe-
roplasts were found to contain some ECA, prob-
ably in their residual outer membrane areas,
protoplast L-forms lack it completely. Since the
same results were obtained also when phenol-
water extracts of these cells were investigated, it
is evident that ECA is not present in the cyto-
plasm in larger than trace amounts. Thus, ECA
presence is similar to that of the outer mem-
brane proteins which are lacking in stable pro-
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toplast membrane, whereas lipopolysaccharide
is at least partly integrated in the protoplast
membrane (3, 4).
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