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Electron microscopic studies with Escherichia coli revealed that bicyclomycin
inhibits septum formation and converts the cells to filamentous forms. The
antibiotic induced high undulation and numerous blebs of the outer membrane.
Sometimes cytoplasmic contents leaked into the lumen of the bleb through a

disrupted region of the membrane. Breakage of the outer membrane or blebs led
to cell lysis. Electron-dense masses of amorphous material and vesicles were

found in the cytoplasm.

Bicyclomycin is a cyclic dipeptide antibiotic
which has a unique structure and inhibits the
growth of some gram-negative bacteria (3, 5-7).
The mechanism of action of this antibiotic has
been investigated with Escherichia coli (10, 11,
13). Bicyclomycin blocks biosynthesis of lipopro-
tein covalently linked to peptidoglycan (13). The
drug binds to the inner membrane proteins,
which are distinguished from penicillin-binding
proteins (10). The olefinic double bond of bicy-
clomycin seems to react with the sulfhydryl
group of the receptor proteins, although the
whole molecule is required for the drug-receptor
interaction (11).
We studied morphological alterations in bi-

cyclomycin-treated E. coli, and the results are
presented in this paper.

MATERIALS AND METHODS
Antibiotic. Bicyclomycin was generously given by

Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan.
Growth conditions of the organism. E. coli

ATCC 27166, a mutant hypersensitive to bicyclomy-
cin, was grown in Lennox broth (10, 13). Exponentially
growing cells (absorbance at 660 nm, 0.2 to 0.4) with
or without antibiotic treatment were used for electron
microscopic studies. The viable cell number was de-
termined by colony formation on Lennox medium
solidified with 1.5% agar.

Electron microscopy. The cells were fixed by the
standard OSO4 fixation schedule of Ryter and Kellen-
berger (9). A culture (10 ml) was poured into 1.1 ml of
the fixative, centrifuged at 3,000 x g for 10 min, and
further fixed in 1% OS04 overnight. After being washed
with 0.5% uranyl acetate, the cells were enrobed in 2%
agar, dehydrated in graded solutions of ethanol and
acetone, and embedded in Spurr resin (12).

Ultrathin sections were cut with a DuPont diamond
knife on a Porter-Blum MT-2 ultramicrotome, picked
up on Formvar-coated copper grids, and stained with
uranyl acetate and lead citrate (8). All sections were
examined in a JEM 7A electron microscope at 801kV.

RESULTS
Bactericidal action of bicyclomycin. The

viable cell number of E. coli ATCC 27166 was
not significantly changed within 1 h, but was
markedly reduced from ca. 106 to ca. 103 cells per
ml at 3 h after exposure to bicyclomycin at a
concentration of 20 ,g/ml. The bactericidal ef-
fect was observed at drug concentrations higher
than the minimal inhibitory concentration (3
ig/rnl), as reported previously (7).
Electron microscopy of the morphologi-

cal effects of bicyclomycin on E. coli Figure
1 shows a section of a normally growing cell fixed
by the technique of Ryter and Kellenberger (9).
The untreated cell is surrounded by an undu-
lated cell wall with a smooth surface. The cyto-
plasm is filled with ribosomes and a less electron-
dense area of fibrous nuclear material. This fig-
ure shows the typical structure of an exponen-
tially growing cell.
When bicyclomycin was introduced into a log-

arithmic-phase culture, E. coli cells did not show
any morphological alterations after the initial 30
min. Prolonged exposure to the antibiotic
brought about the failure of septum formation
and eventually resulted in filamentous cells. Fig-
ure 2 was obtained from a culture treated with
the drug for 2 h. Elongated cells contained the
nuclear material in a more dispersed state, and
some showed irregularly undulated cell walls
distinctly separated from the cell membrane by
a large space and parts of the cell periphery
disrupted. Filamentous cells also contained elec-
tron-dense masses of amorphous material in the
cytoplasm (Fig. 2 and 3).

After the 3-h treatment, a large vacuole sur-
rounded by a single membrane was frequently
observed in cells with a highly undulated outer
layer (Fig. 4). In some cells, disruption of the cell
wall as well as the cell membrane caused loss of
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cytoplasmic material, but preserved a number of
vesicles (Fig. 5).
Another morphological alteration of E. coli

due to the action of bicyclomycin was the ap-
pearance of numerous blebs on the cell wall,
which were detected in the cells treated for 2 h
(Fig. 6). Nuclear materials were fragmented and
dispersed in cells with many blebs. Blebs seemed
to be derived from the outer membrane and not
to include the mucopeptide layer (Fig. 6 and 7).
They became large (Fig. 8), and sometimes cy-
toplasmic contents leaked into the lumen of
enlarged blebs through a disrupted region of the
cell membrane (Fig. 9). Further disruption of
the bleb membrane led to the extrusion of cel-
lular contents and eventually to cell lysis. Figure
10 appears to show an early stage of such a lytic
process.

DISCUSSION
Bicyclomycin blocks septum formation in E.

coli, resulting in filamentous cells. Disturbance
of the coordination between the biosynthetic
processes of cellular structures, especially of the
cell wall and cell membrane, due to the presence
of the drug induces the formation of numerous
blebs on the cell surface as well as a highly
undulated outer membrane. Disruption of the
bleb membrane leads to cell lysis. In these re-
spects, the morphological effect of bicyclomycin
is similar to that of penicillin (1).
Polymyxin and aminoglycoside antibiotics

also cause blebs to form on the cell membrane
of E. coli within 10 min (2, 4). Bleb formation
by bicyclomycin takes longer, indicating that
bicyclomycin reacts slowly with the receptor.
The result is in accord with the previous obser-
vation (10) that the binding of the antibiotic to
E. coli inner membrane proteins requires ca. 30
mm.

At a later stage of drug treatment, involution
of the cell membrane or degradation ofthe dense
mass of amorphous material or both may yield
vesicles bounded by a single membrane.
The biochemical mechanism of action of bi-

cyclomycin seems to be different from that of
penicillin. Bicyclomycin inhibits biosynthesis of
lipoprotein covalently linked to peptidoglycan
(13). Cell wall peptidoglycan synthesis, observed
by the in vivo uptake of diaminopimelic acid and
the in vitro transpeptidase reaction, is not sig-
nificantly affected by bicyclomycin (unpublished
data). The antibiotic binds to inner membrane
proteins of E. coli; and bicyclomycin-binding
proteins are different from penicillin-binding
proteins (10). The olefmic double bond seems to
react with the sulfhydryl group of inner mem-
brane proteins (11).
The inhibition by bicyclomycin of lipoprotein

synthesis occurs before the loss of viability and
morphological changes (13). However, the rela-
tionship of the lipoprotein synthesis inhibition
to the lethal or morphological effect remains to
be determined.
From the results of the current morphological

study and previous biochemical studies on the
mechanism of action of bicyclomycin, the anti-
biotic seems to affect the cell membrane of bac-
teria.
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FIG. 1. Microphotograph of an ultrathin section of E. coli ATCC 27166 without treatment of bicyclomycin.
Bars represent 0.2 pm in all figures.

FIG. 2. Cells treated with bicyclomycin (20 pg/ml) for 2 h. Multinucleate and aseptate filaments formed.
Undulated cell walls are separated from the cell membrane in most cells, and dense masses can be seen in
many cells. All of the remaining figures show cells exposed to 20 pg of antibiotic per ml.

FIG. 3. Electron-dense mass of amorphous material in the cytoplasm of a cell treated with the drug for 2
h.

FIG. 4. A cell, exposed to the antibiotic for 3 h, shows a large vacuole surrounded by a single membrane.
FIG. 5. Lysed cell after treatment with bicyclomycin for 3 h. Several vesicles can be seen.
FIG. 6. (a) Numerous blebs can be seen on the surface of a cell which was exposed to the drug for 3 h. (b)

Part of the cell from (a), magnified. The arrow indicates one of the blebs, which is clearly connected to the
outer membrane.

FIG. 7. Part of a cell treated with the antibiotic for 3 h. A loose structure can be seen in the outer layer of
cell membrane. Membrane involution is seen underneath the cell wall.

FIG. 8. Large bleb on the surface of a cell exposed to bicyclomycin for 3 h.
FIG. 9. Projection of cytoplasmic contents into the lumen of a bleb limited by an outer membrane.
FIG. 10. Burst of cytoplasmic contents through a crack in the cell envelope.
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