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Analysis of exponential and synchronous cultures of Escherichia coli B/r after
the addition of FL1060 indicates a block point for division by this agent some 15
to 20 min before the end of the preceding cell division cycle, a time corresponding
to the beginning of the C period of the cell division cycle. Morphological
examination of FL1060-treated synchronous cultures of E. coli B/r was consistent
with inhibition by FL1060 of a very early event in the cell division cycle. This
event appears to be essential for normal cell surface elongation in a rod
configuration. Temporary treatment of synchronous cultures of E. coli B/r with
FL1060 resulted in division delay, the extent of which was a function of the
duration of exposure to FL1060. However, even after relatively long times of
FL1060 treatment the delayed divisions were still synchronous. Although FL1060
had no direct effect on deoxyribonucleic acid (DNA) synthesis, the synchronous
delayed divisions occurring after temporary treatment with FL1060 were

accompanied by a delay in the attainment of resistance of cell division to
inhibitors of DNA, ribonucleic acid, and protein synthesis. These results suggest
that an FL1060-sensitive event initiates at the beginning of the C period of the
cell division cycle of E. coli and is responsible for normal cell elongation. This cell
elongation pathway procedes independently of DNA synthesis, but there is an

interaction between this pathway and termination of a round of DNA replication
in which a normal rod configuration is necessary to allow a signal for cell division
to be generated upon completion of DNA replication.

Bacterial growth is composed of linear se-
quences of events which can overlap one an-
other in time, the extent of the overlap being
dependent upon the growth rate. The most
obvious events are thus observed periodically
and give the appearance of a cycle. The Helm-
stetter-Cooper model (8) separates the division
cycle into three periods which occur sequential-
ly; the I period of preparation for the initiation
of deoxyribonucleic acid (DNA) synthesis, the C
period of DNA synthesis, and the D period
occurring after the completion of DNA replica-
tion and up to the time of cell separation. These
three periods are linked by minimal require-
ments which limit progression from one period
to another, but the model does not preclude the
existence of other requirements for cell division.
There are probably multiple pathways, most of
which are completed prior to the end of the
period and which are thus not observed as being
limiting to division under normal growth condi-
tions. The existence of such nonlimiting path-
ways may be detected by the use of a specific

I Present address: Microbiological Associates, Inc., 4733
Bethesda Avenue, Washington, D.C. 20014.

inhibitor, e.g., protein synthesis required for
division has been resolved into three classes by
the use of chloramphenicol. The first is required
for the initiation of DNA replication and occurs
during the I period (15), the second is a 40-min
period of protein synthesis which occurs concur-
rently with DNA replication (22), and the third
is a short period of protein synthesis which must
take place at the time of the completion of a
round of DNA replication (13). Experiments
using benzyl-penicillin have similarly indicated
a requirement for septum specific murein syn-
thesis at the end of the C period of the cell
division cycle (10).

In this paper we report for the first time the
existence of an event occurring early in the cell
cycle which is essential for normal cell elonga-
tion and which is blocked by FL1060, a novel
amidinopenicillanic acid. One consequence of
this inhibition is the failure of cell division to
occur C + D min later.

MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli

B/r (laboratory collection) was grown aerobically in a
gyratory shaker at 37 C in a modified M9 medium (6)
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containing sodium acetate (1 g/liter) or glucose (0.4%,
wt/vol) as carbon sources.

Sucrose gradient synchrony. A modification of
the method of Mitchison and Vincent (19), as de-
scribed by Gudas and Pardee (6), was used to
synchronize E. coli B/r growing in M9-glucose me-

dium. Good synchrony was obtained with this method
for a minimum of two generations.

Counting cell number. A formalin-saline solution
consisting of 50 ml of 38% formaldehyde and 9.0 g of
NaCl per liter of distilled water was filtered through a

0.22-Am membrane filter. Samples of cultures were
diluted into 10 ml of formalin-saline, and the cell
number was determined with a Coulter Counter
model B equipped with a size distribution plotter.
DNA synthesis. DNA synthesis was measured by

the incorporation of acid-insoluble radioactivity after
3-min pulses of [3H]thymidine (6).

Electron microscopy. After the addition of FL1060
at 10 min, 8-ml samples of control and treated
synchronous cultures of E. coli B/r were harvested at
45, 60, and 75 min after synchronization. The volume
of each culture was immediately made up to 10 ml
with prechilled glutaraldehyde fixative (see below),
and the cells were recovered by centrifugation. FL1060
was also added to an exponentially growing culture,
and the cells were harvested after 2 h in the same
manner.
The cell pellets were fixed in glutaraldehyde (1%)-

acrolein (5%) in 0.2 M sucrose-0.67 M Sorensons
phosphate buffer (pH 7.1) for 6 h in an ice bath. The
cells were then washed in the same buffer and
postfixed in 1% osmium tetroxide for 3 h at room
temperature, en bloc stained with uranyl acetate,
dehydrated, and embedded in Epon 812. The embed-
ded specimens were then thin sectioned on an LKB
Ultrotome 111 equipped with a diamond knife and
then stained with uranyl acetate and lead citrate.
Specimens were examined in a Phillips 300 electron
microscope at 60 kV.

Materials. FL1060 (16) was a generous gift of Leo
Pharmaceutical Products, Ballerup, Denmark. Ce-
phalexin was a gift of Eli Lilly Co. The minimum
inhibitory concentration of FL1060 with E. coli B/r
was less than 0.05 sug/ml. Penicillinase (Calbiochem)
was dissolved in distilled water and stored in the cold.

RESULTS

The timing of action of FL1060. Cultures of
E. coli B/r growing exponentially in M9-glucose
medium (doubling time, 40 min) exhibited a

considerable amount of residual division after
the addition of FL1060 (Fig. 1A). Data from
several experiments suggested that all cells
divided once in the presence of FL1060, and
that some 40% of all cells divided twice. Utiliz-
ing the ideal distribution of cell age in an

exponential culture (7), we can calculate that
the block point for inhibition of cell division by
FL1060 is located some 60 min before division
ceases, a point which at this growth rate corre-

sponds with the beginning of the C period of the

cell cycle (8). With E. coli growing in M9-ace-
tate medium (doubling time, 100 min) the
amount of residual division (Fig. 1B) suggested
a block point 115 min before division ceased, or
again at the beginning of the C period of the cell
division cycle (6; see Appendix). The loss of
division capacity after these times of treatment
with FL1060 is not a result of inhibition of
growth per se, since mass increase measured as
turbidity (18, 21) and incorporation of radioac-
tive label into total protein (R. James, unpub-
lished observation) is the same as the control for
several hours.
These results should be contrasted with the

limited residual division of E. coli B/r in glucose
medium after the addition of cephalexin (Fig.
1C), a i3-lactam antibiotic which readily in-
duces filamentation in E. coli (20). This com-
pound inhibited up to as little as 15 min before
division, a result in good agreement with the
reported time of maximum sensitivity to cell
killing by benzyl-penicillin and with the time of
maximum murein synthesis in E. coli B/r (10).
The correlation of the timing of action of
FL1060 at two different growth rates makes it
unlikely that the apparent delay in the effect of
FL1060, as compared with cephalexin, is the
result of slower penetration.
The apparently unique timing of action of

FL1060 was studied further using synchronous
cultures of E. coli B/r growing in M9-glucose
medium. The addition of FL1060 immediately
after synchronization had almost no effect on
the first synchronous division occurring at 55
min (Fig. 2); however the second synchronous
division, occurring at 96 min, was completely
inhibited. Delaying the addition of FL1060 until
10 min or later after synchronization abolished
the small effect on the first division and, after
30 min, progressively allowed more division in
the second division cycle. More than half of the
cells could divide in the second cycle when
FL1060 was added at 40 min. In this experiment
the midpoint of the increase in cell number of
the control culture occurred at 96 min. Thus,
considering the variation in the interdivision
times of individual cells in a synchronous cul-
ture, the results indicated that cell division
became resistant to FL1060 some 56 min before
division, a result in good agreement with the
60-min value calculated from the experiments
with exponential cultures.
Morphology of E. coli B/r treated with

FL1060. Several authors have reported a grad-
ual rounding up of exponential cultures of E.
coli treated with FL1060 (5, 17, 18, 21) leading
to the formation of greatly enlarged osmotically
stable spherical forms; however, the precise
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FIG. 1. Growth of E. coli Bir (A) in M9-glucose after addition of FL1060 (1 ug/ml) at zero time (0), (B) in

M9-acetate after addition of FL1060 (1 ug/mI) at zero time (0), and (C) in M9-glucose after addition of
cephalexin (4 ,g/ml) at zero time (0). 0, No inhibitors added.

timing of this morphological event was not
indicated. We have attempted to fix the timing
of the morphological effects of FL1060 on syn-
chronously growing cultures of E. coli B/r and to
investigate the relationship between the mor-

phological effects of FL1060 and the observed
timing of its action.
The size distribution of FL1060-treated syn-

chronous cultures of E. coli B/r, measured with
a Coulter Counter, was identical to that of an
untreated control culture until 55 min after
synchronization, at which time there was an

apparently rapid increase in the cell volume
(data not shown). This effect was readily visual-
ized in electron micrographs of cells fixed at
various times in the cell cycle after the addition
of FL1060 10 min after synchronization. In
samples taken 45 min after synchronization the
majority of longitudinally sectioned cells
showed various stages of septation, but no

significant differences were observed between
the control and the FL1060-treated cultures
(Fig. 3A and B). Septation appeared to be
normal in both cases, with inward growth of the
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FIG. 2. Division of synchronous cultures of E. coli

Bir in M9-glucose medium. Control (0 0);

FL1060 (1 ,ug/ml) added at zero min (O -- 0), 10 min
(A *), 30 min (--0), 40 min (x xx), and 45
min (0-0).

inner membrane and the murein layer initiated
evenly from both sides of the cell, with exclusion
of the outer membrane from the septum until a

very late stage (Fig. 3C and D). Our electron
micrographs demonstrate that cell division in
E. coli does occur by septation and not by
constriction (23), a process in which all the cell
envelope layers infold together. The use of
specially adapted fixation conditions allows the
visualization of distinct septa in E. coli, a result
which has also independently been reached by
Burdett and Murray (3).
At 60 min after synchronization the

FL1060-treated cells had begun to assume an

ovoidal shape by expansion outward from the
middle of the cell (Fig. 3E); this expansion had
become more pronounced at 75 min (Fig. 3F),
whereas the control cells were still observed as

rods (Fig. 3G). In spite of the enlarged spherical
shape of E. coli B/r cells after longer times of
treatment with FL1060, the initial stages of
septation were still observed; however, it was

always asymmetric in nature, as reported by
Park and Burman (21), and cell separation was

not achieved. The fact that FL1060 has no

direct effect on at least the early stages of
septation, even though cell division is blocked,
provides further support for the hypothesis that
the site of action of FL1060 is distinct from
otherf,-lactam antibiotics.

We have observed after 2 h of treatment of an
exponential culture of E. coli B/r with FL1060
that the outer membrane became detached
from the cell envelope at many areas of the cell
surface (Fig. 3H). Although this apparent phys-
ical separation of the outer membrane may be
an artifact under these conditions, it is perhaps
indicative of some biochemical lesion induced
by FL1060.
The results thus far are consistent with inhi-

bition by FL1060 of an early event in the cell
division cycle. This inhibition does not affect
the normal increase in cell mass; rather it
results in loss of the capacity for cell elongation
in a rod configuration and finally in loss of the
ability to divide. The relationship between this
FL1060-sensitive event and the other easily rec-
ognizable events of the cell cycle was studied by
examination of the effect of temporary inhibi-
tion by FL1060 of synchronous cultures of E.
coli B/r.
FL1060 inhibition and the cell cycle. Addi-

tion of an excess of penicillinase allowed the
recovery of division by synchronous cultures of
E. coli B/r to which FL1060 had been added for
varying periods of time (Fig. 4). The resultant
division delays, measured as the time between
the midpoints of the increase in cell number of
the control and of the treated cultures, in-
creased with the time of exposure to FL1060.
However, the delayed divisions were still syn-
chronous even after long exposures to the drug.
Microscopically, the resumption of cell division
of the treated cultures was always preceded by
return to the rod configuration (data not
shown). Further support for the timing of the
block point of division by FL1060 may be
derived from these results, in that extrapolation
back to zero division delay in a plot of division
delay against duration of exposure to FL1060
gives a time in the cycle of 42 min as the block
point, or 53 min before the second synchronous
division.
The synchronous but delayed divisions occur-

ing after temporary exposure to FL1060 suggest
that inhibition of the FL1060-sensitive early
event prevents further progress along a sequen-
tial pathway towards division. Removal of
FL1060 appears to initiate recovery of division
capacity, an event which was always preceded
by return to a rod configuration. This hypothe-
sis was tested by analysis of the timing of an
easily recognizable cell cycle event, the attain-
ment of resistance of division to inhibitors of
DNA, ribonucleic acid, and protein synthesis,
in control and treated synchronous cultures of
E. coli B/r.
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FIG. 3. Electron micrographs of ultrathin sections of E. coli Bir. Control cells after 45 min of synchronous
growth in glucose medium (A); magnified view of septum in control cell (C); FL1060-treated (at 10 min) cell
after 45 min of synchronous growth (B); magnified view of septum in FL1060-treated cell (D). FL1060-treated
cells at 60 min (E) and at 75 min of synchronous growth (F); control cell at 75 min of synchronous growth (G).
FL 1060-treated cells after 2 h of exponential growth (H). In all figures the bar represents 500 nm.
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More than half of the cells of a synchronous
culture of E. coli B/r divided when nalidixic
acid was added at 80 min after synchronization,
a time some 13 min before the mid point of the
increase in cell number of the untreated control
(Fig. 5A). This is consistent with earlier reports
that cell division became resistant to this inhib-
itor at the end of the C period (4). In contrast,
the second synchronous division of cultures of
E. coli B/r treated with FL1060 from 10 to 70

3E-G

min did not become resistant to nalidixic acid
until 105 min after synchronization (Fig. 5B), or
again some 15 min before the delayed division
occuring after FL1060 treatment. The 25-min
delay in the attainment of resistance to nali-
dixic acid observed in this experiment was little
different from the actual division delay induced
by FL1060 treatment. Almost identical results
were obtained with rifampin and chlorampheni-
col, further probes for the end of the C period of
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FIG. 3H

the cell cycle (data not shown). It is of interest
that although the addition of chloramphenicol
at any time after FL1060 removal and up to 105
min after synchronization blocked subsequent
cell division, it did not prevent the shape
transition from sphere to rod. Similarly, nali-
dixic acid added during this period of time
resulted in the formation of short filaments.
One simple explanation for the apparent

delay in the end of the C period of the cell cycle
after FL1060 treatment is that FL1060 directly
inhibits DNA synthesis. However, no detectable
effect on the rate of incorporation of [3H]thymi-
dine into the acid-insoluble fraction was ob-
served under these conditions (Fig. 6). The data

from this experiment with synchronous cultures
of E. coli B/r confirms that the block point of
FL1060 for division, located at approximately
40 min after synchronization, does indeed corre-
spond with the time of the initiation of DNA
synthesis.

DISCUSSION
We have shown that FL1060 inhibits an early

step in the cell division cycle of E. coli B/r. For
E. coli B/r cells, growing in minimal salts-
glucose medium with a generation time of 40
min, it was located some 55 to 60 min before
division, or at the beginning of the C period.
The precise timing of this event varied some-
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FIG. 4. Division delay of cultures of E. coli Bir
growing synchronously in M9-glucose after exposure
to FL1060 for varying times. No additions (0 0);
FL1060 added at 10 min (A--A); FL1060 added at 10
min, penicillinase (1,000 U/ml) added at: 10 min
(0 0), 50 min (a *), 60 min (0 ), 70
min (0- -0), and 80 min (x x).
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nique used. This timing of action of FL1060
should be contrasted with cephalexin action,
where the block point occured some 15 min
before division, or approximately at the end of
the C period. This difference in the timing of
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FIG. 6. Rate of [3H]thymidine incorporation into

(small symbols) and cell number (large symbols) of
control (0) and FL1060 (1 gg/ml) treated at 10 min
(0) E. coli Bir growing synchronously in M9-glucose.
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FIG. 5. Effect of nalidixic acid (15 iig/ml) (A) on the division of synchronously grown cultures of E. coli Bir.
No additions (0); nalidixic acid added at 70 min (0), 75 min (M), and 80 min (0). (B) Effect of nalidixic acid on
the division of synchronously grown cultures of E. coli B/r which had been exposed to FL1060 (1 ,g/ml) from 10
to 70 min. No further additions (-O-); nalidixic acid added at 70 min (-A-), 90 min (--), 100 min (-0-), and
105 min (---). The untreated control culture is shown as a dotted line.
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action of these two d-lactam antibiotics corre-
lates well with their morphological effects on E.
coli B/r; FL1060 seemingly inhibits an early
step in the cell cycle and prevents normal cell
surface elongation in a rod configuration, result-
ing in the formation of spherical forms, whereas
cephalexin blocks a late step in the division
cycle which inhibits septation directly and re-
sults in filament formation. Since all cells
divide normally at least once in the presence of
FL1060, this drug does not affect cell surface
elongation or cell division in progress at the
time of addition. The apparent inhibition only
of new rounds of elongation and division shows
that there is a special early event specific to the
initiation of a round of cell division which is
sensitive to FL1060.

This drug thus appears to be the first reported
specific inhibitor of the key initiation step for
normal cell elongation, occurring at the start of
the C period of the bacterial cell division cycle.
The effect on the cell cycle of temporary

inhibition of the capacity to elongate in a rod
configuration may be seen in the delay of
attainment of resistance of division to inhibitors
of DNA, ribonucleic acid, and protein synthesis
in FL1060-pulsed cultures. Since this delay was
not the result of a direct effect on DNA replica-
tion, perhaps the event inhibited by FL1060
(ie., normal cell elongation) has become limit-
ing for the termination of DNA replication
under these conditions. Treatment with FL1060
may result in a loss of phase of cell elongation
with DNA replication such that, upon removal
of the drug, a normal rod configuration must be
achieved before a small amount of terminal
DNA synthesis necessary for cell division can
occur. This FL1060-sensitive pathway for nor-
mal cell elongation may thus be the pathway, or
one of a series of pathways, suggested by Jones
and Donachie (13, 14), which are initiated at
the beginning of the C period of the cell cycle
and which interact with termination of DNA
replication to generate a signal for cell division.
We must assume that the mechanism by

which FL1060 inhibits normal cell elongation
and cell division involves some modification of
murein structure, as do other ,B-lactam antibiot-
ics. However, the murein structure altered must
be essential for initiation of cell surface elonga-
tion in a rod configuration, but not for cell
surface elogation in progress, or for the initial
stages of septation, since these are unaffected
by FL1060. At this time there are no known
differences between murein synthesized for
elongation or for septation; indeed it is the
largely circumstantial evidence of differential
sensitivity to #-lactam antibiotics (10) and to

inhibition of DNA synthesis (26) that leads us
to suspect that septation and elongation are
different processes. The demonstration of sev-
eral [14C]benzyl-penicillin binding proteins in
E. coli membranes (25), and of several penicil-
lin-sensitive enzymatic activities involved in
murein methabolism (24), tends to provide
support for the existence of different modes of
murein synthesis for elongation and septation.
That FL1060 may indeed have a completely

novel effect on murein synthesis is suggested by
the observations that in vivo FL1060 does not
inhibit the transpeptidase, the D-alanine car-
boxypeptidase, or the endopeptidase of E. coli
(17, 21), enzyme activities which are sensitive to
benzyl-penicillin and which have an assumed
role in the terminal steps of murein synthesis (1,
11, 12). Furthermore, using a very sensitive
assay system, it has been demonstrated that the
proteins for which FL1060 competes with
[14C]benzyl-penicillin for binding are different
from those for which cephalexin competes for
binding (B. G. Spratt, manuscript in prepara-
tion).
A potential clue to the mode of action of

FL1060 may be that, unlike other f3-lactam
antibiotics, it is especially active against
gram-negative strains of bacteria (16). Such a
spectrum of activity could be the result of a
target in the outer membrane found only in
gram-negative cells, a possibility which is easily
reconciled with our observation of an effect of
FL1060 on the physical arrangement of the E.
coli outer membrane. We have preliminary
evidence that FL1060 does indeed inhibit the
appearance of a major outer membrane protein
(R. James, unpublished observation). The fact
that the rate of appearance of this same protein
increases very rapidly under filament-inducing
conditions may be indicative that this protein
plays a major role in the regulation of cell
elongation in E. coli.
The relationship between this outer mem-

brane protein and murein, the assumed target
of FL1060, can only be speculative at this time.
However, there is a precedent for an actual
chemical connection in the cross-linking of
murein to the lipoprotein component of the
outer membrane of E. coli (2, 9). It is an
intriguing possibility that linkage between mu-
rein and the outer membrane could be the
means by which coordinated synthesis of mu-
rein and the outer membrane layer of the cell
envelope is achieved while maintaining a rod
configuration. Initial inhibition of this linkage
by FL1060 would then create a defect that
prevents subsequent cell surface elongation.

It is anticipated that detailed analysis of the
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biochemical action of FL1060 in E. coli may
provide clues to the unique pathways of murein
synthesis necessary for cell elongation and cell
shape, as well as shedding some light on some of
the less obvious components of the bacterial cell
division cycle.

APPENDIX
In glucose media every cell divides once and

40% divide twice; thus the cell age (expressed as

a fraction of the total cycle) at which a cell
escapes inhibition by FL1060 is (1 - X) + 1.

Extrapolating from a graph of idealized age
distribution in an exponential culture contain-
ing no dispersion in generation times for indi-
vidual cells (7), a division frequency of 40%
corresponds to an X value of 0.5. Thus for a
generation time of 40 min, (1 - X) + 1 = 60 min.

Similarly, in acetate medium every cell di-
vides once and 10% divide twice. Thus by
extrapolation X is 0.85 and (1 - X) + 1 = 115
min when the generation time is 100 min.
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