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Cefsulodin lyses actively growing Escherichia coli by binding specifically to penicillin-binding proteins (PBPs)
la and lb. Recent findings (F. Garcia del Portillo, M. A. de Pedro, D. Joseleau-Petit, and R. D'Ari, J.
Bacteriol. 171:4217-4221, 1989) have linked cefsulodin-induced lysis to septation during the first division cycle
after a nutritional shift-up or chromosome replication realignment. We synchronized cells by membrane
filtration to determine whether cefsulodin-induced lysis depended on septation in normally growing cells.
Populations of newly divided cells were allowed to grow for variable lengths of time. Cefsulodin was added to
these synchronous cultures, which represented points in two to three rounds of the cell cycle. Since the cell
numbers were small, a new lysis assay was developed that was based on the release of DNA measured by
fluorometry. Lysis occurred at a constant time after addition of the antibiotic, regardless of the time in the cell
cycle at which the addition was made. Thus, cefsulodin-induced lysis is not linked to septation or to any other
cell cycle-related event.

The penicillin-binding proteins (PBPs) of Escherichia coli
are inner membrane proteins involved in cell elongation and
cell septation. The high-molecular-weight PBPs (PBPs 1, 2,
and 3) catalyze transglycosylation and transpeptidation re-
actions during the final stages of peptidoglycan synthesis
(24). It has been known for some time that PBPs la and lb
are specifically involved in the elongation of the sacculus.
Mutants lacking either protein will elongate normally, but
double mutants are lethal (26). PBP 2 is involved in the
maintenance of cell shape, and PBP 3 is involved in the
biosynthesis of the septum (17). Recently it has been re-
ported that PBP 2 may also be involved in septation (14).

,-Lactams that bind PBPs la and lb will lyse actively
growing cells (10, 17, 18, 26). The mechanism by which
P-lactam-induced lysis occurs is not fully understood but
certainly involves reactions between murein hydrolases and
the peptidoglycan (20). Cefsulodin is a ,-lactam that lyses E.
coli and binds specifically to PBPs la and lb (3, 13). In a
recent study (4), Garcia del Portillo et al. analyzed cefsulo-
din lysis during the first division cycle after a nutritional
shift-up or chromosome replication alignment. They con-
cluded that lysis by cefsulodin was linked to cell division.
Before this study, the activities of PBPs la and lb had been
believed to be confined only to cell elongation (15, 17). A
new role for PBPs la and lb in septation, a process as yet
poorly understood, would be highly interesting and worth
further investigation.
The correlation between cefsulodin action and cell septa-

tion depended on production of synchronously dividing cells
by methods that may seriously alter the biochemistry of E.
coli. The chemical composition of E. coli peptidoglycan
changes with growth rate and in response to amino acid
deprivation (16, 21, 23). These changes are directly related to
a state of phenotypic tolerance, a resistance to antibiotic-
induced lysis (22). Since such alterations could affect the
cells' sensitivity to cefsulodin, they could confuse the inter-
pretation of the relationship between lysis and division.

* Corresponding author.

We report here the timing of cefsulodin-induced lysis in
cells synchronized by the membrane filtration method of
Helmstetter (7), a method relatively free of biochemical
perturbations. When cefsulodin was added to cell popula-
tions at different stages in the growth cycle, all lysed rapidly.
Apparently, cell cycle-dependent events do not determine
lysis sensitivity to this antibiotic.

MATERIALS AND METHODS

Strains and growth conditions. All studies were performed
with E. coli B/r strain F26 (his thy), obtained from Charles E.
Helmstetter. Cells were grown at 37°C in M9 minimal
medium (12) supplemented with 0.1% glucose, glycerol, or
succinate, plus thymine (40 ,ug/ml), thiamine (5 ,ug/ml), and
vitamin-free Casamino Acids (0.1%; Difco Laboratories,
Detroit, Mich.) or histidine (40 jxg/ml).

Synchronization of cells. The synchronization procedure
was based on that developed by Helmstetter (7). A GSWP
14250, 0.22-[Lm-pore-size membrane filter (Millipore Corp.,
Bedford, Mass.) was clamped in an acrylic filter holder (G.
DuBuque, University of North Dakota) constructed accord-
ing to the specifications described by Helmstetter (Fig. 8 in
reference 7). Instead of multiple upper-membrane gaskets,
we used a 1-inch (ca. 2.5-cm)-high acrylic ring and inserted a
rubber gasket (same as the lower gasket) between the ring
and the membrane.

Overnight cultures were diluted and allowed to divide at
least three times to reach an A550 of 0.2. Then 100 ml of cells
was filtered onto the membrane at low vacuum, leaving a
small amount of liquid on the filter. The cells were washed
with 100 ml of warm medium, again leaving some liquid.
Excess medium was poured off, and the filter apparatus was
inverted and placed on an acrylic holder (Fig. 8 in reference
7) in a 37°C chamber. The space above the membrane was
filled with warm growth medium and connected to a pump,
which was used to force warm medium through the mem-
brane.

Loosely attached cells were flushed from the membrane
for 2 min at a rate of 10 ml/min, after which the rate was

1

JOURNAL OF BACTERIOLOGY, Jan. 1991, p. 1-5
0021-9193/91/010001-05$02.00/0
Copyright C) 1991, American Society for Microbiology



2 JACOBY AND YOUNG

reduced to 2 ml/min. After flushing for an additional 2 min,
samples were collected every 4 min into 50-mi Erlenmeyer
flasks (8 ml per sample). Cells used in the synchronization
experiments were harvested between 20 and 120 min of
elution unless otherwise indicated. After each 4-min sample
was collected, a 0.1-ml portion was removed immediately
and placed into a tube containing 10 of ml saline-Formalin
(0.9% NaCI, 0.11% formaldehyde; filtered through a 0.22-
,um-pore-size filter) for cell counting. The remainder of each
8-ml sample was incubated with shaking in a 37°C water
bath. After 25 samples had been collected, a 0.1-ml sample
was removed from each incubating flask and was diluted into
10 ml of saline-Formalin for cell counting. This count defined
the status of each culture in the cell cycle at the time of
cefsulodin addition.

Cell counting procedure. Cells were counted in a Coulter
Counter model ZB1 (Coulter Electronics, Inc., Hialeah,
Fla.) fitted with a 30-gm-diameter aperture tube. Readings
were made at the following settings: 1/amplification = 0.5,
1/current = 0.5, and sample volume = 0.1 ml.

Lysis with cefsulodin and DNA fluorometry. Cefsulodin
(Sigma Chemical Co., St. Louis, Mo.) was added to a final
concentration of 100 Rg/ml of cells. Cell lysis was measured
by an increase in free DNA, as assayed by the increase in
fluorometry readings in the presence of the dye, Hoechst
33258 (Hoefer Scientific Instruments, San Francisco, Calif.).
When cell numbers were great enough, lysis was monitored
by a decrease in A550 readings. Every 5 min for approxi-
mately 60 min after cefsulodin addition, a 0.5-ml sample was
removed from the incubating cells and diluted with 1.5 ml of
filtered TNE buffer (10 mM Tris, 1 mM EDTA, 100 mM
NaCl, pH 7.4) containing Hoechst 33258 dye to give a final
dye concentration of 0.1 ,g/ml. Fluorescence was measured
in a TKO 100 Mini Fluorometer (Hoefer Scientific Instru-
ments). For delayed readings, as in samples from synchro-
nized cells, 0.5 ml of cells was placed in a small test tube
prefilled with 1.4 ml of TNE buffer containing 0.07% (vol/
vol) 40% formaldehyde. Immediately before assay, 0.1 ml of
a 2-,ug/ml dye solution was added.

RESULTS

Assay of cell lysis by DNA fluorometry. A disadvantage of
the synchronization method of Helmstetter (7) is the small
number of synchronized cells eluted from the membrane.
There are too few cells to monitor lysis by a decrease in
optical density. In searching among alternate ways of mea-
suring lysis under these conditions, we found that increases
in free DNA were directly related to cell lysis. Figure 1
shows lysis with 100 ,ug of cefsulodin per ml in a nonsyn-
chronous population of F26 cells. Fluorometer readings of
free DNA in control cell cultures remained stable, but the
readings with cefsulodin rose exponentially after cefsulodin
addition. This rise in the fluorometry readings preceded the
observed drop in optical density. Immediate readings and
those taken 2 h later in the presence of formaldehyde
exhibited similar kinetics. It was thus possible to delay the
fluorometer readings by sampling into a buffer containing
formaldehyde. The readings remained stable up to 6 h after
sampling.

In a separate experiment, duplicate samples were diluted
into TNE buffer 60 and 70 min after cefsulodin addition.
DNase I (bovine pancreas, type IV; Sigma) was added to a
final concentration of 4 ,ug/ml to one sample, and the sample
was incubated at 30°C for 15 min. The duplicate, lacking
DNase, was read immediately. DNase treatment caused the
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FIG. 1. Lysis of unsynchronized E. coli by cefsulodin. A fresh

overnight culture of E. coli F26 was diluted and grown at 37°C in M9
medium plus glycerol (0.1%), histidine (40 jig/ml), and thymine (40
,ug/ml). Cefsulodin was added to a final concentration of 100 pug/ml
after the cells had doubled three times. Every 5 min, 0.5-ml samples
were diluted into TNE-formaldehyde buffer for assay 2 h later and
into TNE-dye buffer for immediate fluorometer readings. A reading
of 100 corresponds to 100 ng of DNA standard per ml (TKO 104;
Hoefer Scientific Instruments).

fluorometer counts to drop from 316 to 20 at 60 min and from
407 to 18 at 70 min. It therefore seemed clear that the assay
was measuring DNA. The increase in fluorescence could be
caused by DNA that leaked from cells into the medium or by
the penetration of the dye into permeabilized cells, where it
combined with DNA. Which of these two alternatives oc-
curred has not been determined, though the sensitivity of the
readings to DNase would seem to argue for the release of
DNA. In any case, the assay measured a phenomenon that
resulted from a disintegration of the integrity of the cell
envelope and paralleled the absorbance decrease classically
associated with cell lysis.

Cefsulodin lysis of synchronized cells. To answer the ques-
tion of whether cefsulodin-induced lysis is a cell cycle-
specific event, we synchronized cells by membrane filtra-
tion. We collected newly divided cells from the membrane
filter and immediately placed them in a 37°C shaking water
bath. These samples exhibited the characteristic pattern of
cell counts expected during the Helmstetter cell synchroni-
zation procedure (Fig. 2). The number of cells eluted from
the membrane cycled up and down with a period of 28 min,
equal to the generation time under these growing conditions
(Fig. 2A). Twenty-five populations of eluted cells, collected
between 20 and 116 min in Fig. 2A, were sampled for cell
counting (Fig. 2B). After 30 min of growth there was a sharp
increase in cell numbers, which occurred twice more at
28-min intervals. Each population therefore represented
cells at different times in the growth cycle. Thus, the cells at
34, 66, and 94 min in Fig. 2B were dividing, and those at 26,
54, and 82 min were at a late stage of elongation.
Seven minutes after the last (25th) cell sample had been

collected, cefsulodin (100 ,g/ml) was added to each popula-
tion except for the control, and cell lysis was monitored in
each population. Figure 3 shows the lysis curves of eight cell
populations, each of which was at a different stage in the cell
cycle when cefsulodin was added. The plots were similar,
with the fluorometer counts rising rapidly 10 min after
cefsulodin addition. The plots from the other 16 populations
were essentially the same (data not shown). The cells to
which no cefsulodin was added (sample 116) exhibited no
increase in fluorometer counts. The experiment was re-
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FIG. 2. Cell synchronization by the membrane filtration method.

E. coli F26 cells were grown through at least two generations to an
A550 of 0.2 at 37°C in M9 medium supplemented with Casamino
Acids (0.1%), glucose (0.1%), and thymine (40 ,ug/ml). Cells (100 ml)
were filtered onto a membrane filter, and newly divided cells were
eluted as described in Materials and Methods. (A) Number of cells
eluted during the synchronization procedure. Freshly collected cell
samples (0.1 ml) were diluted into 10 ml of saline-Formalin. The cell
count represents 0.1 ml of diluted cells. (B) Cell counts of bacteria
collected as newly divided cells and incubated at 37°C with shaking
for the indicated times (sampling times 20 to 116 min in panel A).
The cells collected at 116 min in panel A correspond to the cells that
were incubated for 2 min in panel B, etc. Two minutes after
collection and incubation of the last sample (116-min sample of panel
A), cells (0.1 ml) from each of the 25 flasks were diluted into 20 ml
of saline-Formalin for counting. Each count represents 0.1 ml of
diluted cells.
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FIG. 3. Lysis of synchronized cells with cefsulodin. E. coli F26

cells were grown at 37°C in M9 medium supplemented with
Casamino Acids (0.1%), glucose (0.1%), and thymine (40 ,u.g/ml).

O Newly divided cells were collected and incubated as described in
Materials and Methods. Each cell population, labeled with the
starting time of collection, represents newly divided cells collected
over a 4-min period. The incubation time refers to the time the cells
had been growing after elution from the filter. Cefsulodin (100 p.g/ml)
was added to each flask except for the 116-min flask, which served
as the control. A 0.5-ml sample was removed immediately and every
5 min thereafter and diluted into TNE-formaldehyde buffer for
fluorometer analysis as described in Materials and Methods. Each
curve represents the change in fluorometry readings of a population
of cells at a different stage in the cell cycle (see Fig 2).

to see plots similar to those in Fig. SB, a parallel set of lysis
results indicating that cells at different stages of the growth
cycle responded to cefsulodin in the same way. The data
shown in Fig. 3 and 4 are similar to the idealized data shown
in Fig. 5B.

DISCUSSION

Cells treated with cefsulodin presumably lyse because
inhibition of PBPs la and lb triggers the activity of murein
hydrolases (19). A recent study used the methods of nutri-
tional shift-up and chromosome replication alignment to
achieve partial synchrony to determine whether lysis was
related to the cell cycle (4). In the first division cycle after
such synchronization, it was found that lysis began more
rapidly when cefsulodin was added to cells nearer to the time
of septation. Lysis appeared to begin just before or at the

peated three more times with the same result: cefsulodin
caused a rise in fluorometer counts (lysis) within 10 min.
To test cefsulodin-induced lysis in cells with a longer cell

cycle, we used succinate as a carbon source, which length-
ened the generation time to 60 min. As in the glucose
experiments, all of the lysis curves were similar (Fig. 4).

If cefsulodin-induced lysis was related to septation, one
would have expected plots approximating those in Fig. SA.
Cefsulodin added to cell populations at different stages in the
cell cycle should have resulted in variable lysis delays. The
length of each delay would have reflected the time each
population had to incubate before division. Cells near sep-
tation should lyse more quickly than should cells further
removed in time from division. Septation would be expected
to occur at 60 and 120 min (for the succinate-grown cells),
and lysis should have occurred predominantly at these
times. On the other hand, if cefsulodin-induced lysis was
independent of time of septation, one would have expected
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FIG. 4. Lysis of synchronized cells with cefsulodin. F26 cells

were grown at 37°C as for Fig. 3 but with succinate (0.1%) rather
than glucose. See legend to Figure 3 for procedure. The control is
not included in this graph.
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FIG. 5. Idealized lysis of synchronized cells with cefsulodin.

Depicted are the expected fluorometry counts if cefsulodin (100
,ug/ml) is added to populations of synchronized cells with a 60-min
generation time. See legend to Figure 3 for procedure. (A) Pattern
expected if lysis is related to septation; (B) pattern expected if there
is no relationship between cefsulodin lysis and septation.

time of cell division, implying that cell lysis by cefsulodin
occurred at the time of septation. Was the observed delay
related to the actual septation event or to some other
phenomenon occurring approximately at the time of septa-
tion? We have attempted to distinguish between these two
alternatives.
The methods used in the previous study (4) may well alter

peptidoglycan composition and hydrolase activities and, as a

result, may change cell sensitivity to lysis by antibiotics. For
example, during nutritional shift-up there is a change in
growth rates (8), and such a change has been shown to result
in modifications of peptidoglycan composition (21). Hydro-
lases may be more highly expressed during a shift-up (11).
Changes in growth rate can also affect the relative concen-
trations of PBPs, with PBPs la and lb increasing with higher
growth rates (21).

In addition, as a result of the amino acid and thymine
starvation involved in the chromosome replication alignment
method, the stringent response (2) probably was activated,
which also affects peptidoglycan composition (5, 9, 24).
During amino acid deprivation, the composition of the
peptidoglycan changes rapidly, becoming more resistant to
antibiotic-induced autolysis (23). The effect is reversible (5).
As cells start to grow after a nutritional shift-up and after

thymine addition, we may therefore assume that the compo-
sition of the peptidoglycan will begin changing to become
increasingly less lysis resistant. With changing conditions,
which may include increasing levels of PBPs la and lb and

more active autolysins, cefsulodin-induced lysis would be-
come progressively easier. In fact, we have exposed cells to
a similar inhibitor of PBPs la and lb, cephaloridine, and
have observed that as the cells exit the stationary phase the
time required for lysis by penicillin decreases as they grow.
The time required for such lysis onset reaches a minimum
after the cells have divided five times (unpublished results).
Thus, it is not surprising that cefsulodin added at staggered
times after a shift-up would also exhibit staggered lysis
times, and it may be only coincidental that lysis appears to
occur at about the same time as does the first septation
event.

It is interesting that when PBP 2 was inhibited by the
antibiotic mecillinam, at the same time that PBPs la and lb
were inhibited by cefsulodin, cell lysis occurred at a constant
time after addition of the antibiotics (4). At low concentra-
tions, antibiotics that bind only PBP 2 produce spherical
cells but do not induce lysis, but such antibiotics in combi-
nation with a 1-lactam that binds PBPs la and lb will
accentuate the effect of the latter (1, 6). The synergistic
effect of cefsulodin and mecillinam simply may have over-
come the less sensitive peptidoglycan which we propose is
present early in the changing growth conditions.
The membrane filtration method of Helmstetter (7) is a

mechanical method in which newly divided E. coli B/r cells
are collected and allowed to grow with no real interference
with their cellular metabolism. With this method, the pepti-
doglycan composition should not change, nor should the
relative concentrations of PBPs, which remain constant
during the division cycle (25). We have shown (Fig. 3 and 4)
that under these conditions there are no differences in the
sensitivity of cells to cefsulodin during the cell cycle. If
cefsulodin lysis were related to septation, we would expect
the time of lysis onset to be variable and to depend on the
stage of each population in the growth cycle (Fig. 5A). We
saw no such delays in cell lysis. Instead, lysis occurred at a
constant time after antibiotic addition. We therefore con-
clude that cefsulodin-induced lysis is not related to septa-
tion, so that the activities of PBPs la and lb cannot be
correlated directly with the timing of this event.
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ADDENDUM IN PROOF

F. B. Wientjes and N. Nanninga (personal communica-
tion) synchronized E. coli cells by elutriation and have also
found that lysis by cefsulodin is not dependent on the cell
cycle (Res. Microbiol., in press).
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