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Abstract.  The c2 clear-plaque mutant arose spontaneously from the turbid plaque-inducing wild-type strain of bac-
teriophage f1.  The mechanism of host cell death induced by infection of Escherichia coli with c2 has now been
investigated.  A marked decrease in cell membrane potential was apparent as early as 30 min after infection with c2,
and leakage of cell contents was apparent after 4 h.  Transmission electron microscopy also revealed the accumula-
tion of granular membrane-like structures within cells at early stages of c2 infection.  Electrophoretic analysis showed
that the abundance of several bacterial outer membrane proteins was markedly reduced 2 h after infection with c2.
Furthermore, substantial amounts of the phage coat protein (gpVIII) and single-stranded DNA-binding protein (gpV)
were apparent in the inner membrane of c2-infected cells 2 h after infection.  These data support the hypothesis that
the death of c2-infected cells results from phage-induced damage to the bacterial cell membrane.
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Introduction

Escherichia coli infected with the bacteriophage f1
continues to grow and divide, although at a slower rate
than that of uninfected bacteria (Marvin and Hohn, 1969).
In contrast, infection of nonpermissive bacteria with f1
mutants containing amber mutations in certain of the eight
phage genes results in a marked decrease in cellular DNA,
RNA, and protein synthesis (Hohn et al., 1971a,b) and in
the cessation of cell division (Pratt et al., 1966).
Furthermore, such mutants increase cell membrane perme-
ability as well as induce leakage of cell contents and cell
death at early stages of infection (Hohn et al., 1971a,b).
Electron microscopy has revealed that absorptive infec-
tion of E. coli with f1 mutants containing amber mutations
in genes I, III, IV, V, or VI results in the accumulation of
multiple folded membranous structures within the bacteria,
especially at the two poles of the cell (Schwartz and Zinder,
1967; Ohnighi, 1971).  These changes induced in bacteria
by f1 mutants result from the accumulation of large
amounts of the gene VIII-encoded protein.  Thus, infec-
tion of host cells with gene VIII amber mutants does not
induce such changes in the structure of cell membranes
(Woolford et al., 1974).

We previously isolated a spontaneous mutant, c2, of
wild-type f1 that exhibits a clear-plaque phenotype (Kuo
et al., 2000).  Infection with this mutant results in the syn-
thesis of increased amounts of both phage DNA and gpII
compared with those apparent in cells infected with wild-

type f1 (Chen, 1980).  We have now investigated the time
courses of the various changes in bacterial cell morphol-
ogy and physiology induced by infection with c2 in order
to shed light on the mechanism of host cell death.

Materials and Methods

Preparation of Phage-Infected Bacterial Cultures
Escherichia coli K38 and wild-type phage f1 were ob-

tained from Dr. N. D. Zinder of Rockefeller University.  The
clear-plaque mutant c2 arose spontaneously from wild-type
f1.  The bacteria were grown to log phase at 37°C in LB
medium with shaking. Phage were harvested from the su-
pernatant of bacterial cultures that had been incubated for
~6 to 10 h after infection at a phage multiplicity of 10.

For the assay of b-galactosidase activity, the bacteria
were grown in LB medium containing 1 mM isopropyl-b-
D-thiogalactopyranoside.  Bacterial cultures at a density
of ~1 × 108 to 5 × 108 cells/ml were infected with phage at
a multiplicity of 10.  When indicated, chloramphenicol was
added to the phage-infected cultures at a final concentra-
tion of 30 µg/ml at 0, 40, 90, or 360 min after infection.

Assay of b-Galactosidase Activity
The activity of b-galactosidase was assayed as de-

scribed by Miller, 1971.  The amounts of cellular and ex-
tracellular enzyme activity were determined by first
separating bacterial cultures into a bacterial pellet and the
culture supernatant by centrifugation at 10,000 g for 5 min.
Portions (1 ml) of the supernatant and resuspended bac-
terial pellet were incubated at 20°C for 5 min prior to the
addition of 50 µl of o-nitrophenyl-b-D-galactoside (4 mg/
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ml).  After further incubation for 1 min, the reaction was
terminated by adding 0.5 ml of 1 M Na

2
CO

3
 and the absor-

bency at 420 nm (A
420

) was determined.  A unit of enzyme
activity was defined as A

420
 units per milliliter of sample

per minute per unit of culture optical density at 600 nm
(OD

600
).

Determination of Cell Membrane Potential by Pro-
line Transport Assay

Cell membrane potential was measured as described
(Goessens et al., 1988).  Bacterial cells present in samples
of phage-infected cultures were washed twice and sus-
pended at an OD

600
 of 2 in 50 mM potassium phosphate

buffer (pH 7.0).  A portion (100 µl) of the suspension was
then added to 200 µl of test solution [50 mM potassium
phosphate, 10 mM MgSO

4
, and chloramphenicol (80 µg/

ml)] and incubated at 37°C with shaking for 10 min.  After
addition of D-lactate to a final concentration of 10 mM and
incubation at 28°C for an additional 10 min, 1 µCi of [3H]
proline (20 to 40 Ci/mmol) was added to initiate the
reaction.  The reaction was stopped after incubation at
28oC for 1 min by filtration through a 0.45-µm Millipore HA
filter.  The filter was then washed with 100 mM LiCl, after
which the amount of filter-associated radioactivity was
determined by scintillation counting with Econofluor
(DuPont).

Transmission Electron Microscopy
Bacterial cells were harvested from phage-infected

cultures (~1.5 to 3.0 ml) by centrifugation and washed
twice with ice-cold buffer A [60 mM K

2
HPO

4
, 33 mM

KH
2
PO

4
, 7.5 mM (NH

4
)

 2
SO

4
, 2 mM sodium citrate].  The

bacteria were resuspended at a density of ~1 × 1011 cells/
ml in ice-cold buffer A, stored on ice, stained with 2% (w/
v) phosphotungstic acid, and examined with a 75-kV Hitachi
H-600 electron microscope.

In vivo Labeling of Newly Synthesized Protein
Newly synthesized protein was labeled in vivo as de-

scribed by Fulford and Model, 1988.  A portion (0.2 ml) of
bacterial culture in M9gB1 medium was incubated for 3 min
at 37°C with 100 µCi of [35S]methionine (600 Ci/mmol).  The
reaction was stopped by addition of 1 ml of 10% (w/v)
trichloroacetic acid, and the protein precipitate was then
collected by centrifugation, washed, and analyzed by gel
electrophoresis.

Isolation of Outer and Inner Bacterial Membranes
Bacterial cell membranes were isolated as described (Ito

et al., 1977).  Bacteria were harvested by centrifugation and
then lysed by exposure to lysozyme and sonication.
Undisrupted cells were removed by centrifugation at 2,000
g for 10 min.  The membranes in the resulting supernatant
were isolated by centrifugation through 15 and 70% (w/v)
sucrose layers at 50,000 g for 1 h.  The inner and outer
cell membranes were then separated by centrifugation
through layers of 53 and 70% (w/v) sucrose at 50,000 g

for 6 h.  The outer membrane fraction was collected from
the bottom of the sucrose gradient, and the inner
membranes, separated into upper (L1) and lower (L2)
fractions, were collected from the top of the gradient.  Pro-
teins in each of these membrane fractions were precipi-
tated by 5% trichloroacetic acid, washed with acetone, and
analyzed by gel electrophoresis.

Gel Electrophoresis and Immunoblot Analysis
Proteins were fractionated by polyacrylamide gel elec-

trophoresis (PAGE) in gels containing 11% polyacrylamide/
4 M urea or 19.25% polyacrylamide/7 M urea essentially
as described (Ito et al., 1977).  For detection of the phage
coat protein (gpVIII), immunoblot analysis was performed
as described by Yen and Webster, 1982.  After
electrophoresis, the separated proteins were blotted onto
a nitrocellulose membrane by the semidry transfer method
and incubated with antiserum to phage f1 (1:5000 dilution)
(obtained from Dr. N. D. Zinder of Rockefeller University).
Immune complexes were detected with alkaline phos-
phatase-conjugated antibodies to rabbit immunoglobulin
G (Promega, Madison, WI) and stained with 5-bromo-4-
chloro-3-indolyl phosphate and nitro blue tetrazolium.  If
necessary, bands on the gel or nitrocellulose membrane
were counted by densitometer (Molecular Dynamics,
ImageQuantTMv2.0).

Results

Leakage of b-galactosidase induced by c2 infec-
tion

To monitor the leakage of cell contents induced by c2
infection, we measured extracellular b-galactosidase activ-
ity (Figure 1).  Leakage of b-galactosidase from cells in-
fected with either c2 or wild-type f1 was first apparent 4 h
after infection and subsequently increased in a time-de-
pendent manner.  The extracellular b-galactosidase activ-
ity in c2-infected was twice that of f1-infected and
threefold that of uninfected.  At 12 h postinfection, the
extracellular b-galactosidase activity of c2-infected cells
was threefold that of f1-infected cells and 15-fold that of
uninfected cells.  However, the leakage from c2-infected
cells was markedly greater than that from bacteria infected
with wild-type f1.

To determine the point after which leakage of b-
galactosidase could not be prevented by exposure of c2-
infected cells to chloramphenicol, we added the antibiotic
to cultures at various times after infection to block phage
growth and measured the cellular and extracellular
activities of b-galactosidase 8 h after infection.
Extracellular b-galactosidase activity was then expressed
as a percentage of total (extracellular plus cellular) activity.
The enzyme activity in the culture medium before infection
was 1.47%, and that in medium of uninfected cells after
incubation for 8 h in the absence or presence of
chloramphenicol was 1.33 and 1.11%, respectively.
Cultures of c2-infected cells in which chloramphenicol was
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added 0, 40, 90, or 360 min after infection yielded
extracellular b-galactosidase activities of 1.17, 1.50, 4.11,
and 5.07%, respectively.  Thus, chloramphenicol was able
to prevent the leakage of b-galactosidase when added to
cultures of c2-infected cells up to 40 min postinfection.

Loss of Cell Membrane Potential Induced at an
Early Stage of c2 Infection

The transport of [3H]proline across the cell membrane
is dependent on the membrane potential and requires an
intact membrane structure (1).  We therefore measured [3H]
proline transport as a means of detecting cell membrane
damage that is not associated with the leakage of cell
contents.  The membrane potential of cells infected with
either c2 or wild-type f1 was markedly reduced by 55% and
28% at 30 min after infection.  The loss of membrane po-
tential reached a maximum of 73% and 62 % until 2 h after
c2 or f1 infection (Figure 2).  However, the rate and extent
of the decrease in membrane potential in c2-infected cells
were greater than those in cells infected with wild-type f1.

Morphological Changes in Phage-Infected Cells
Changes in morphology of bacterial cells induced by

phage infection were examined by transmission electron
microscopy.  Comparison of uninfected cells (Figure 3A)
with infected cells either 4 h (Figure 3, B and C) or 1 h
(Figure 3, D and E) after infection revealed the presence
of membrane-like structures within both f1- and c2-infected
cells.  However, whereas the structures in f1-infected cells
consisted of multiple folded membranes located at the po-
lar regions of the cell (Figure 3, B and E, indicated by
arrows), those in c2-infected cells were granular or globu-
lar in nature and randomly distributed throughout the cell
(Figure 3, C and D).  The processes of cell damage caused
by c2-infection are shown by numbers 1~5  (Figure 3C).
The inner and outer membranes were separated in c2-in-
fected cells showing pronounced accumulation of intrac-
ellular membranes (Figure 3C, 5, indicated by arrows), but
cell lysis was not apparent 4 h after c2 infection.

Loss of Outer Membrane Proteins Induced by c2
Infection

Outer membrane proteins of phage-infected cells were
analyzed 30 and 120 min postinfection by SDS-PAGE in
gels containing urea (Figure 4).  The major outer membrane
proteins, LamB (48 kDa), OmpC (39 kDa), and OmpA (33
kDa) were indicated by large arrowheads.  At 30 min after
infection, no significant differences in the pattern of pro-
tein expression were apparent among uninfected cells and
cells infected with c2 or with wild-type f1 (Figure 4, lanes
1~3).  However, at 120 min after infection, the abundance
of several outer membrane proteins was reduced in cells
infected with either c2 or wild-type f1 (Figure 4, lanes 4~6,
indicated by small arrowheads), and this effect was more
pronounced in the c2-infected cells. LamB, the receptor
of l phage, was also reduced by f1 or c2-infection (Figure
4, lanes 4~6).

Figure 1.  Leakage of b-galactosidase from phage-infected cells.
Host cell cultures (30 ml) were infected at a phage multiplicity
of 10 with either wild-type f1 (open circles) or the clear-plaque
mutant c2 (open triangles). Samples (1.5 ml) of the cultures were
collected at the indicated times after infection, and the bacterial
cells were removed by centrifugation. A portion (1 ml) of the
resulting supernatant was then assayed for b-galactosidase
activity. A culture of uninfected cells (closed squares) was ana-
lyzed in a similar manner.  Data are expressed in units of en-
zyme activity and are means of triplicates from an experiment
that was performed three times with similar results.

Figure 2. Loss of membrane potential in phage-infected cells.
At the indicated times after infection with c2 (open triangles)
or wild-type f1 (open circles), equal numbers of bacterial cells
were assayed for [3H]proline transport as a marker of cell mem-
brane potential.  Uninfected cells (closed squares) were simi-
larly analyzed. Data are expressed as a percentage of the
membrane potential of uninfected cells at each time point, and
are means of triplicates from an experiment that was performed
three times with similar results.
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Figure 3.  Transmission electron microscopy of intracellular membrane-like structures in phage-infected cells. Uninfected cells (A),
cells infected with wild-type f1 (B) or c2 (C) 4 h postinfection, and cells infected with c2 (D) or wild-type f1 (E) 1 h postinfection
were examined. Arrows in B, D, and E indicate membrane-like structures. Numbers labeled 1~5 in C indicate the process of cell
damage caused by phage c2 infection. Bars represent 1 µ.
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Accumulation of Phage Proteins gpV and gpVIII in
the Inner Membrane

We also analyzed the inner membrane proteins of cells
infected with c2 or wild-type f1 at 30 and 120 min
postinfection (Figure 5, A and B).  For comparison, newly
synthesized proteins of uninfected cells and cells infected
with wild-type f1 (30 min postinfection) were labeled with
[35S]methionine and similarly analyzed by 19.25% SDS-
PAGE in the presence of 7M urea (Figure 5C).  At 30 min
postinfection, small amounts of the phage single-stranded
DNA-binding protein (gpV) were apparent in the inner
membrane of cells infected with c2 or with wild-type f1
(Figure 5A, lanes 1 and 2). At 120 min after infection, the
amount of gpV in the L2 inner membrane fraction of c2-
infected cells was tenfold that in the corresponding frac-
tion from cells infected with wild-type f1 (Figure 5B, lanes
2 and 3); or twofold that in the L1 fraction of cells infected
with f1 or c2 (Figure 5B, lanes 5 and 6).

Because the phage protein gpVIII was difficult to de-
tect by Coomassie blue staining, we examined the expres-
sion of this protein by immunoblot analysis with the

antiserum to f1 (Figure 5D). At 120 min postinfection, the
amount of gpVIII in the L2 inner membrane fraction of c2-
infected cells (Figure 5D, lane 2) was threefold that in the
L2 fraction of cells infected with wild-type f1 (Figure 5D,
lane 3), while the amount of gpV in the L1 inner membrane
fraction was similar for cells infected with c2 or wild-type
f1 (Figure 5D, lanes 5 and 6).

Discussion

In the present study, measurement of cell membrane
potential revealed that damage to the membrane of phage-
infected cells was apparent 30 min postinfection and that
the extent of this damage was greater in c2-infected cells
than in cells infected with wild-type f1.  Leakage of b-ga-
lactosidase from infected cells was first detected 4 h after
infection and, again, the leakage was more pronounced in
c2-infected cells than in cells infected with wild-type f1.
The leakage of b-galactosidase was prevented by addition
of chloramphenicol to cultures of c2-infected cells at the
early stage of infection (up to 40 min) and also in f1-in-
fected couture (data not shown).  Chloramphenicol has

Figure 4.  Loss of outer membrane proteins in phage-infected cells. Outer membrane proteins of cells infected with wild-type f1
(lanes 2 and 5) or with c2 (lanes 3 and 6) were analyzed by SDS-PAGE on an 11% polyacrylamide gel containing 4 M urea at 30
min (lanes 2 and 3) and 120 min (lanes 5 and 6) after infection.  Uninfected cells were similarly analyzed (lanes 1 and 4). Lane M
contains molecular size standards (in kilodaltons). The gel was stained with Coomassie blue.  The large arrowheads indicate the
major outer membrane proteins OmpC (39 kDa) and OmpA (33 kDa) as well as the LamB receptor for phage l (48 kDa); small
arrowheads indicate other outer membrane proteins, the abundance of which is reduced in phage-infected cells.
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previously been shown to inhibit the growth of phage
(Ray, 1970).  It is possible that extrusion of a large num-
ber of phage particles from the cell membrane between 40
and 90 min after infection with c2 disrupts the cell mem-
brane (Kuo et al., 2000) and therefore results in the leak-
age of cell contents.

The effects of c2 on the bacterial cell membrane at early
stages of infection were also apparent by electron
microscopy.  Membrane-like structures have previously
been observed by transmission electron microscopy in the
cytoplasm of cells infected with amber mutants of f1, with
most of these structures accumulating at the poles of the
cells (Schwartz and Zinder, 1967; Ohnighi, 1971).  We de-
tected a similar accumulation of membrane-like structures
in cells infected with either wild-type f1 or c2, although
the effect was more pronounced in c2-infected cells. We
have previously shown that c2-infected cells produce more
phage particles than do f1-infected cells at early, but not
later, stages of infection (Kuo et al., 2000). Thus, the num-
ber of adhesion zones at early stages of infection is likely

greater in c2-infected cells than in cells infected with wild-
type f1 in order to deal with the increased assembly and
extrusion of phage particles.

Our analysis of inner membrane proteins indicated that
the amount of gpVIII that accumulates in the inner mem-
brane of c2 infected cells is greater than that for cells in-
fected with wild-type f1. Infection of bacteria with lethal
amber mutants of f1 has been shown to result in morpho-
logical changes caused by the accumulation of gpVIII
(Woolford et al., 1974). The leader peptide of coat protein
precursors has been shown to induce the formation of
non-bilayer lipid membrane structures (Killian et al., 1990).
Thus, the integration of large numbers of pre-coat protein
molecules into the inner membrane of c2-infected cells is
likely responsible for the observed formation of the intra-
cellular membrane-like structures in these cells.

In 1981, Lubitz et al. showed that infection with fX174
induces changes in the expression of inner and outer mem-
brane proteins. We have now shown that the abundance
of several outer membrane proteins was markedly de-

Figure 5.  Accumulation of phage proteins, gpV and gpVIII, in the inner membrane of infected cells.  (A) The combined L1 and L2
inner membrane fractions of cells infected with c2 (lane 1) or with wild-type f1 (lane 2) were analyzed 30 min postinfection by
19.25% polyacrylamide gel in the presence of 7 M urea. The corresponding fractions from uninfected cells were similarly analyzed
(lane 3).  The gel was stained with Coomassie blue. (B) The L1 (lanes 4 to 6) and L2 (lanes 1 to 3) inner membrane fractions of cells
infected with wild-type f1 (lanes 2 and 5) or with c2 (lanes 3 and 6) were analyzed separately 120 min postinfection as in (A).  The
corresponding fractions from uninfected cells were similarly analyzed (lanes 1 and 4).  (C) Autoradiogram of newly synthesized
proteins labeled with [35S]methionine in unfractionated lysates of uninfected cells (lane 1) or cells infected with wild-type f1 at 30
min postinfection (lane 2).  The positions of lipoprotein (Lp), gpV (V) and gpVIII (VIII) are indicated. (D) The immunoblot analy-
sis of gpVIII with antiserum to phage f1 was the same treatment as in (B).
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creased 120 min after infection of cells with c2.  Changes
in the abundance of membrane proteins can affect cell
growth and the synthesis of macromolecules (Inouye and
Pardee, 1970; Siccardi et al., 1972; Manning et al., 1977).
Thus, the cell death induced by c2 infection may result
from the membrane damage demonstrated in the present
study.
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