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Stepwise changes in the rate of phosphatidylethanolamine and phospholipid
synthesis during the cell division cycle of Escherichia coli B/r were observed.
The cell ages at the increases were found to be a function of the growth rate. At
each growth rate, the increase occurred around the time new rounds of chromo-
some replication were inaugurated in the cycle.

The manner in which the components of the
bacterial envelope (namely, the inner mem-
brane, the cell wall, and, in gram-negative bac-
teria, the outer membrane) are synthesized dur-
ing the cell division cycle is still obscure. Zonal
growth of peptidoglycan, a component ofthe cell
wall, at a discrete number of sites has been
demonstrated by Schwarz and collaborators in
gram-negative Escherichia coli (7, 15, 23, 25, 26)
and by Cole (4), Briles and Tomasz (1), and
Burdett and Higgins (2) in gram-positive bacte-
ria. In contrast, nonlocalized synthesis of mem-
brane elements has been suggested, based on the
random partition of membrane components at
division (8, 27, 28). Stepwise increases in the
rates of synthesis ofmembrane proteins (3, 9, 10,
21, 24) and of phospholipids (9) during the cell
division cycle may indicate that the membranes
of both gram-negative and gram-positive bacte-
ria are synthesized at a discrete number of cel-
lular sites, similar to the zonal growth of the
wall.

Considering the partitioning of the chromo-
somes into daughters at division (16), it is pos-
sible that envelope growth and replication of the
chromosomes are coupled. If the processes were
coupled, new sites of envelope synthesis might
be inaugurated at initiation of new rounds of
chromosome replication (22). Envelope synthe-
sis at these sites might continue during chro-
mosome replication and during septum forma-
tion. The new sites of envelope synthesis could,
therefore, represent potential division sites
which would appear in a cell one or more gen-
erations prior to division. Alternatively, the rate
of envelope synthesis could increase at comple-
tion of rounds of chromosome replication as a
consequence of initiation of septum-cross wall
formation (9, 10, 15). Thus, if envelope synthesis
were coupled to the chromosome replication
cycle, some or all elements ofthe envelope might
be synthesized at an increased rate either at

initiation or at completion of rounds of chro-
mosome replication.

In an effort to elucidate the pattern of enve-
lope synthesis during the bacterial division cycle,
I have investigated the synthesis of phosphati-
dylethanolamine in E. coli B/r substrains A, F,
and K (14). Phosphatidylethanolamine is found
in both the inner and outer membranes of E.
coli and represents the stable component of the
phospholipids in these bacteria (6, 11, 19).

MATERIALS AND METHODS
Bacteria and growth conditions. The organisms

used were E. coli B/r substrains A, F, and K (14).
The minimal salts medium contained 2 g of NH4Cl,

6 g of Na2HPO4, 3 g of KH2PO4, 3 g of NaCl, and 0.25
g of MgSO4 in 1 liter of distilled water. Glucose or
glycerol at 0.1% final concentration was used as a
carbon source. Various amino acids at 50 ,tg/ml and
Casamino Acids at 0.2% (final concentrations) were
added as indicated.

Radiochemicals. [2-3H]glycerol (8 Ci/mmol), so-
dium [1,2-'4C]acetate (54 mCi/mmol), [3-3H]serine (46
mCi/mmol), [U-_4C]leucine (270 mCi/mmol), and [2-
'4C]thymidine (60 mCi/mmol) were purchased from
New England Nuclear Corp., Boston, Mass.
Phospholipid extraction. Cell samples radioac-

tively labeled with [3-3H]serine were precipitated with
ice-cold trichloroacetic acid at 5% final concentration
and maintained at 4°C for at least 30 min. Samples
were filtered onto 24-mm 4750-H20 filter disks (Ar-
thur Thomas & Co., Philadelphia, Pa.) and washed
three times with ice-cold 5% trichloroacetic acid con-
taining nonradioactive serine at 100 jig/ml. A total of
4 x 109 nonradioactive carrier cells, precipitated with
trichloroacetic acid at 5% final concentration, were
added to the filter containing the 3H-labeled samples.
The filters were dried for 40 min at 110°C and ex-
tracted in 2 ml of methanol at 55°C for 10 min in
tightly stoppered vials. After cooling, chloroform (4
ml) was added. The methanol-chloroform mixture was
placed in new vials, each containing a 24-mm filter
disk, and evaporated to dryness at room temperature,
and the radioactivity on the filters was counted. The
incorporation of radioactivity in the methanol-chlo-

453



454 PIERUCCI

roform mixture and in the residue increased linearly
within 1 to 7 min after addition of 0.2 0Ci of [3-
3H]serine per ml to exponential-phase cultures of E.
coli B/r (Table 1). The radioactivity of the extract
was about 25% the radioactivity of the residue. The
methanol-chloroform mixture of cells, double-labeled
with 1 fLCi of [3-3H]serine per ml and 0.1 yCi of
['4C]leucine per ml for 5 min, contained less than 1.0%
of the 14C radioactivity in the residue, indicating that
extraction of protein was negligible.

Samples labeled with ['4C]acetate were centrifuged
at 50C, and the cell pellets were washed three times
with cold minimal salts medium containing 100 gLg of
nonradioactive sodium acetate per ml. The number of
cells recovered after centrifugation was determined.
To each sample 5 x 109 nonradioactive cells were
added, and the cell pellets were extracted in 2 ml of
methanol at 550C for 10 min. A 4-ml volume of chlo-
roform was added, and the mixture was blended in a
Vortex mixer. The supernatant was separated by cen-
trifugation and transferred into vials, and the radio-
activity was counted as indicated above. The incor-
poration of radioactivity in the extract of exponential-
phase E. coli B/r cultures is shown in Table 1. Exten-
sive washing of the extracts from synchronous growing
E. coli B/r cultures with 0.1 M KCI removed about
10% of radioactivity from the lower phase independent
of cell age.
The material extractable in the chloroform-meth-

anol mixture of cultures labeled with [2-3H]glycerol
has been analyzed by partitioning the components by
thin-layer chromatography, as described in detail in a

TABLE 1. Incorporation of[3-3Hiserine and
[14C]acetate in exponential-phase cultures of E. coli

Blr F'

[3-'HjserineSodium[3-3H]serine [4"C]acetate
Time Methanol- Methanol-
(min) chloroform Residue chloroform

(cpm/sam- (cpm/sample) (cpm/sam-
ple) ple)

1 1,001 3,666 284
2 1,799 6,734 459
3 2,738 10,386 645
4 3,551 13,630 792
5 4,753 16,224 1,014
6 - - 1,196
7 6,446 21,872 1,364
9 7,435 27,858 1,846
11 - - 2,132

a Exponential-phase cultures of E. coli B/r F grow-
ing in glucose minimal medium (1.5 doublings per h)
have been exposed to either 0.2 liCi of [3-3Hlserine per
ml or 0.08 1sCi of sodium ['4C]acetate per ml at the
time cell concentration was 108 cells per ml (time 0).
At the times indicated, 5-ml samples were either pre-
cipitated in cold trichloroacetic acid at 5% final con-
centration ([3-3H]serine) or kept in ice till the end of
the experiment in the presence of 100ltg of nonradio-
active sodium acetate (sodium ['4C]acetate). Lipids
were extracted into methanol-chloroform as indicated
in the text. -, Value not determined.

previous communication (29) (Fig. 1). The sum of the
radioactivities associated with phosphatidylethanola-
mine, phosphatidylglycerol, and cardiolipin was equiv-
alent to the radioactivity of the extract prior to parti-
tioning. The partition of the radioactivity in the three
components was 68% in phosphatidylethanolamine,
29% in phosphatidylglycerol, and 3% in cardiolipin.

Incorporation of lipid precursors during the
cell cycle. The rate of incorporation of [3-3H]serine
during the cell division cycle of E. coli was determined
with the membrane elution technique (12). Exponen-
tial-phase cultures were exposed to 0.2 MACi of [3-
3H]serine per ml for 5 min and bound onto a type GS,
142-mm Millipore membrane filter (Millipore Corp.,
Bedford, Mass.) by suction, and the excess radioactiv-
ity was removed by passing 100 ml ofmedium through
the Millipore filter (12). The filter was inverted, and
elution was started by pumping medium at 2 to 4 ml/
min through the filter. Samples of the effluent were
collected continuously during constant time intervals,
and the radioactivity in the methanol-chloroform mix-
ture and in the residue was dStermined as indicated
above.
The pattern of incorporation of lipid precursor dur-

ing the division cycle was also determined by exposing
synchronously growing populations to 0.08 XCi of so-
dium [1,2-'4C]acetate per ml for a brief period of time
and measuring the radioactive counts in the metha-
nol-chloroform extract. Consecutive 5-ml samples of
newborn cells were collected from membrane-bound
cultures, grown synchronously for various periods of
time at 370C with shaking (14), and exposed to sodium
['4C]acetate for 4 or 6 min at the end of synchronous
growth. Incorporation was terminated by adding 100
yg of nonradioactive sodium acetate per ml and cooling
to 5°C. The rate of incorporation during synchronous
growth was estimated by dividing the radioactive
counts in the extract by the number of the cells
recovered after centrifugation and multiplying these
values by the ratio of the cell concentrations at the
end and the start of synchronous growth. The number
of cells recovered after centrifugation was 80 to 100%
of the cells at the end of synchronous growth. The cell
loss was, in general, larger in the samples of younger
ages and was negligible in samples of the older ages.
DNA replication pattern. The incorporation of

['4C]thymidine during the cell division cycle was de-
termined as described in detail elsewhere (12, 14).

Cell concentration. Cell concentration was deter-
mined with a Coulter Counter model F.

Radioactivity. Radioactivity was measured in
Spectrafluor (Amersham Corp., Arlington Heights,
Ill.) with a Nuclear Chicago scintillation counter.

RESULTS
The pattern of radioactive serine and thymi-

dine incorporation during the division cycle of
E. coli B/r was determiined by briefly exposing
exponential-phase cultures growing at a variety
of rates to [3-3H]serine and [14C]thymidine, re-
spectively, binding the cells onto a nitrocellulose
membrane filter, and measuring the radioactiv-
ity of the progeny eluted from the membrane-
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FIG. 1. Incorporation of[2-3Hjglycerol in E. coli BlrA during exponential growth. Samples of2.5 ml ofE.
coli Blr A, growing in glucose minimal medium, were exposed to 4 1iCi of [2-3Hlglycerolper ml for 10 min at
various times during growth. Incorporation was stopped by addition of 10 mg ofglycerol to each sample and
cooling at 5°C. Samples were centrifuged, and the pellets were washed four times with minimal salts medium
containing nonradioactive glycerol. A total of 5 x 109 nonradioactive cells were added, and each pellet was
extracted at 55°C for 10 nMin with 2 ml of methanol. A 4-ml volume of chloroform was added to the samples,
and the mixtures were blended in a Vortex mixer and centrifuged. Samples of ml of the supernatants were
transferred into vials, each containing a filter disk, and dried at room temperature, and the radioactivity was
counted. Sanples of 4 ml were evaporated to dryness at room temperature. The resulting lipid films were
dissolved in 0.2 ml ofmethanol and 0.4 ml ofchloroform. Lipids were analyzed by thin-layer chromatography,
as indicated in detail elsewhere (29). (a) Cell numberper sample. (b) Radioactivity in the methanol-chloroform
mixture: (x) sum of the radioactivity counts associated with phosphatidylethanolamine (PE), phosphatidyl-
glycerol (PG), and cardiolipin (CL) of4 ml ofextract; (A) fourfold value ofthe radioactivity of I ml of extract.
(c) Radioactivity associated with PE (0), PG (A), and CL (0) of4 ml of the extract.

bound population (Fig. 2). The rates of [3-3H]-
serine or ["4C]thymidine incorporation during
the division cycle are visualized by following the
curves of radioactivity per effluent cell from
right to left in each generation (12). In the
culture labeled with [3-3H]serine, the radioactiv-
ity in the methanol chloroform extract of the
effluent decreased continuously during the first
generation of elution, but plateaus in radioactiv-
ity were observable during the second and third
generation. The stepwise changes in [3-3H]serine
radioactivity occurred in correspondence to the
stepwise changes in ['4C]thymidine incorpora-
tion in the parallel culture.
The results of experiments with cultures of E.

coli B/r F growing at a variety of rates are
summarized in Fig. 3. The vertical lines indicate
generations of elution as determined by twofold
decreases in serine incorporation into the residue
(protein fraction), and the arrows indicate gen-
erations of elution as determined by the time

interval between maxima in the cell concentra-
tion in the effluent. The rate of serine incorpo-
ration into proteins was continuous during the
cell division cycle. The rate of serine incorpora-
tion into the lipid fraction increased around the
time thymidine incorporation increased in the
parallel cultures, i.e., at initiation of new rounds
of chromosome replication (12). Similar corre-

spondence between initiation of chromosome
replication and the time of the increase in incor-

poration of [3-3H]serine into the lipid fraction
was seen in E. coli B/r A and B/r K growing at
various rates (data not shown).
Experiments similar to those described in Fig.

2 and 3 were also perforned using [2-3H]glycerol
incorporation into lipids as the assay procedure.
In these experiments, the pattern of radioactiv-
ity in the effluent was difficult to interpret, due
to turnover of radioactive phospholipids during
growth on the membrane filter (29). However,
results similar to those in Fig. 2 and 3 were
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4a, and the rate of DNA synthesis is shown in
Fig. 4b. Stepwise increases in the radioactivity
were observed. The increases in the rate of
['4C]acetate incorporation were at approxi-
mately the same stage in the division cycle as,
or slightly later than, the increase in ['4C]thy-
midine incorporation. Similar results were also
obtained when [2-3H]glycerol was used as a lipid
precursor. From experiments such as those in
Fig. 2 to 4, the cell ages at the increases in rate

32 in ['4C]acetate and [3-3H]serine incorporation
into the cell lipids were determined and com-
pared with the ages at initiation of chromosome

* replication (Fig. 5). The data points generally lie
1620 on a straight line with a slope of 1, consistent

with a temporal correlation of the two events in
i the cell cycle.
v
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FIG. 2. Elution profile and radioactivity in the
effluent of E. coli B/r K. Exponential-phase E. coli
Blr K cultures (100 ml) growing in glucose minimal
media supplemented with Casamino Acids and tryp-
tophan were exposed to either 0.2 ,lCi of[3-3Hjserine
per ml for 5 min or to 0.01 ICi of [,4C]thymidine per
ml for 3 min at the time the cell concentration was
108 cells per ml. The cultures were bound onto a
nitrocellulose Millipore filter and washed with 100
ml of growth medium (12). The filter was inverted,
and elution was started with medium of the same
composition. (a) Number of cells per sample and
(x) radioactivity in the methanol chloroform extract
ofthe effluent ofthe culture labeled with [3-3Hjserine;
(A) radioactivity in cold 5% trichloroacetic acid-in-
soluble material of the effluent ofthe ['4CJthymidine-
labeled cultures (12).

obtained when each sample was allowed to grow
for three to four generations after collection.
After this period, essentially all of the radioac-
tivity was found to be associated with stable
phosphatidylethanolamine.
The rate of incorporation of radioactive ace-

tate and the rate of DNA synthesis during the
cell division cycle were determined by briefly
exposing synchronously growing populations to
either ['4C]acetate or ['4C]thymidine. The rate
of ["4C]acetate incorporation as a function of the
cell age at the time of the pulse is shown in Fig.

DISCUSSION
Changes in rate of incorporation ofradioactive

lipid precursors and of [3-3H]serine into metha-
nol-chloroform extracts of E. coli cultures were

considered to be a consequence of changes in
rate of lipid and of phosphatidylethanolamine
synthesis, respectively (11, 17). Equilibration of
the exogenous precursors with the lipid precur-
sor pool occurred within 1 min from the exposure
of exponential-phase cultures of E. coli B/r to
['4C]acetate, [3-3H]serine (Table 1), and [2-3H]-
glycerol (data not shown). Thereafter, the incor-
poration increased linearly with time. Incorpo-
ration of radioactivity terminated immediately
upon addition of nonradioactive precursors to
the cell cultures (18, 29). Leduc and Schaechter
(18) have previously shown that in E. coli the
size of the lipid precursor pool is extremely
small.

In E. coli B/r the rate of [3-3H]serine incor-
poration, and thus of phosphatidylethanolamine
synthesis, increased in a stepwise fashion during
the cell division cycle, about coincident with
initiation of rounds of chromosome replication.
Since the composition of newly synthesized
phospholipids is independent of the age of the
cells (29), the observed increase in rate of syn-
thesis of phosphatidylethanolamine must be ac-
companied by an increase in the rate ofsynthesis
of the two other phospholipid components,
phosphatidylglycerol and cardiolipin. The in-
crease in the rate of ["4C]acetate incorporation
in the phospholipid extracts, approximately
coincident with the initiation of rounds of chro-
mosome replication, is consistent with these
findings.
The increase in phospholipid synthesis could

be a consequence of the activation of new sites
of envelope growth, and if this were the case, it
would be accompanied by a simultaneous in-
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FIG. 3. Pattern of[3-3Hjserine and 14Cjthymidine incorporation in the effl!uent ofE. coli Blr F. Exponen-
tial-phase cultures of E. coli Blr F (100 ml) containing 10' cells per ml were pulse-labeled for 5 min with 0.2
,uCi of [3-3H4serineper ml or 0.01 ,uCi of [04C]thymidineper ml and bound onto the bottom surface of a
nitrocellulose membranefilter, and the radioactivity in cells in the effluentfrom the membrane was determined
(-) 3H radioactivity in the methanol-chloroform extract of the effluent cells (phosphaticdylethanolamine).
(x) 3H radioactivity in the residue after extraction (protein). (O) 14C radioactivity in a separate culture. The
vertical interrupted lintes indicategenerations ofelution as measured by the time required for the radioactivity
per cell in the protein firaction to decrease twofold. The arrows indicate generations of elution as measgured
by the interval between maxima in the cell concentration in the effluent. Thegrowth rates, media compositions,
and radioactivity per 10' cells at the start of elution in phosphatidylethanolamine, protein, and DNA,
respectively, were as follows. (a) 1.88 doublings per h; glucose supplemented with 18 amino acids (histidine,
methionine, arginine, tryptophan, phenylalanine, leucine, proline, threonine, isoleucine, alanine, glycine,
tyrosine, lysine, cysteine, glutamic acid, glutamine, aspartic acid, and asparagine); 9, 30, and 42 cpm. (b) 1.62
doublings per h; glucose supplemented with 12 amino acids fihistidine, methionine, arginine, tryptophan,
phenylalanine,- leucine, proline, threonine, isoleucine, alanine, glycine, and tyrosine); 6.5, 25, and 35 cpm. (c)
1.42 doublingsper h; glucose supplemented with five amino acids (histidine, methionine,, arginine, tryptophan,
andphenylalanine); 12., 36, and 39 cpm. (d) 1.33 doublings per h; glucose supplemented with histidine; 10, 39,
and 29 cpm.
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FIG. 4. Rate ofincorporation of(a) [14CJacetate and (b) ['4C]thymidine in synchronousgrowingpopulations

of E. coli B/r A. (a) Cultures of 5 ml of E. coli Blr A were pulse-labeled with 0.08 ,uCi of [44Clacetate per ml
at a variety of cell ages. The cells were washed and the phospholipid was extracted as indicated in detail in
the text. The growth rate, the medium composition, the length of the exposure to [14Clacetate, the number of
cells (x 108), and the radioactivity in the extract per 1(1 cells in the first sample of each culture were as
follows. (0) 1 doubling per h; glycerol; 6 min; 1.4; and 7.8 cpm. (+) 1.2 doublings per h; glucose; 6 min; 2.0;
and 1.4 cpm. (A) 1.76 doublings per h; glucose supplemented with methionine, histidine, and arginine; 6 min;
2.0; and 1.6 cpm. (0) 1.9 doublings per h; glucose supplemented with methionine, histidine, arginine, leucine,
threonine, andproline; 6 min; 1.1; and 1.0 cpm. (A) 2.1 doublingsper h; glucose supplemented with Casamino
Acids and tryptophan; 4 min; 2.0; and 3.1 cpm. (b) Cultures of 5 ml of E. coli BlrA were pulse-labeled with
0.1 JACi of["C]thymidine per ml at a variety of cell ages. The medium compositions were the same as in (a).
The growth rate, the length of the exposure, the number of cells, and the radioactivity per 106 cells in 5% cold
trichloroacetic acid-insoluble material were as follows: (0) 0.97 doublings per h, 6 min, 1.4, and 20.7 cpm;
(+) 1.3 doublings per h, 2 min, 0.7, and 12.1 cpm; (A) 1.86 doublings per h, 4 min, 2.1, and 30.4 cpm; (0) 2.0
doublings per h, 2 min, 2.9, and 22.2 cpm; (A) 2.2 doublings per h, 4 min, 2.8, and 53.0 cpm. Arrows indicate
the midpoints of the increases in rate; the dashed vertical lines are drawn at the midpoints of the increase in
cell number.

crease in the synthesis of other membrane and
wall elements. In E. coli B/r growing in glucose
miniimal medium, the synthesis of phospholipid
and protein components of the inner and outer
membranes, wall-bound murein hydrolases, and
murein increase around the time of completion
of chromosome replication (9, 10, 15). In E. coli
K-12 growing in broth medium, murein synthesis
increased at cell division (19). Since rounds of
chromosome replication might initiate at termi-
nation of the previous round in cells growing in
glucose minimal medium and at division in cells
growing in broth medium (5, 13), my results and
those ofHakenbeck and Messer (9, 10), Hoffman
et al. (15), and Mathison (19) are consistent with
a coordinate increase in rate of synthesis of
envelope components at a fixed time in the cycle

which could be coincident with initiation of
chromosome replication (22). The difference- in
the numbers of zones of diaminopimelic acid
incorporation at intermediate and fast growth
rates might also be consistent with activation of
sites of murein synthesis at initiation of chro-
mosome replication (23, 26). In contrast, in E.
coli cells synchronized by amino acid starvation,
the amount of newly formed murein increased
at division, with the newly synthesized murein
attaching to the preexisting cell sacculus after
cell division (20). Churchward and Holland (3),
Ohki (21), and Sargent (24) reported that the
rate of [2-3H]glycerol incorporation increased
exponentially during the bacterial division cycle.
Stepwise increases in the rate of envelope pro-
tein synthesis, which would be consistent with

J. BACTERIOL.
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FIG. 5. Cell age at the increase in rate of incorpo-

ration of lipid precursors. The cell ages (0) at the
increase in rate of serine incorporation and at initi-
ation of rounds of chromosome replication were de-
termined from experiments of the same type as those
in Fig. 2 and 3. The cell ages were measured during
the second generation of elution and represent the
times in the division cycle corresponding to the mid-
points of the increases in radioactivity per cell. (+)
Ages determined from Fig. 4, in correspondence to
the arrows. The line is drawn with a slope of 1.0.

zonal growth of the envelope, were observed by
these authors. In one case, the increase occurred
at about 0.5°C (3); in the others the timing of
the increases could not be related to the pattern
of chromosome replication either because of the
uncertainty due to the synchronization proce-
dure (21) or the lack of information on the
chromosome replication pattern (24).
The alternative possibility, that the observed

cell cycle-dependent incorporation of radioac-
tive precursors into the cell lipids could be a
consequence of fluctuations in either the size of
precursor pools or transport activity, cannot be
rigorously excluded. However, the pattern of
incorporation during the cell cycle was inde-
pendent of whether serine, glycerol, or acetate
was used as radioactive precursor of the cell
lipids. Thus, it is unlikely that changes in lipid
precursor pool size and transport activity were
responsible for the changes in incorporation.
Were this proven to be so, then the observed
pattern of incorporation would indicate that
once in a cycle, at the time rounds of chromo-
some replication are inaugurated, envelope-re-
lated cell properties are specifically affected.

ACKNOWLEDGMENTS

I thank C. Helmstetter and M. Weinberger for many valu-
able discussions, and M. Rhamadan and C. Queriri for excel-
lent technical assistance. J. Haney, S. Mihich, M. Steinberg,
and C. Zuchowski participated as students in this project, and
I wish to acknowledge their contributions.

This work was supported, in part, by Public Health Service

research grants GM-21006, CA-08232, and G.R.S.G. RR-05648
from the National Institutes of Health.

LITERATURE CITED
1. Briles, E., and A. Tomasz. 1970. Radioautographic evi-

dence for equatorial wall growth in a gram-positive
bacterium. J. Cell Biol. 47:786-790.

2. Burdett, I. D. J., and M. L. Higgins. 1978. Studies of
pole assembly in Bacillus subtilis by computer recon-
struction of septal growth zones seen in central, longi-
tudinal thin sections of cells. J. Bacteriol. 133:959-971.

3. Churchward, G. G., and J. B. Holland. 1976. Envelope
synthesis during the cell cycle in Escherichia coli B/r.
J. Mol. Biol. 105:245-261.

4. Cole, R. M. 1965. Symposium on the fine structure and
replication of bacteria and their parts. III. Bacterial
cell-wall replication followed by immunofluorescence.
Bacteriol. Rev. 29:326-344.

5. Cooper, S., and C. E. Helmstetter. 1968. Chromosome
replication and the division cycle of Escherichia coli
B/r. J. Mol. Biol. 31:519-540.

6. Cronan, J. E., and P. R. Vagelos. 1972. Metabolism and
function of the membrane phospholipids of Escherichia
coli. Biochim. Biophys. Acta 265:25-60.

7. Goodell, E. W., U. Schwarz, and R. M. Teather. 1974.
Cell envelope composition of Escherichia coli K12: a
comparison of the cell poles and the lateral wall. Eur. J.
Biochem. 47:567-572.

8. Green, E., and M. Schaechter. 1972. The mode of seg-
regation of the bacterial cell membrane. Proc. Natl.
Acad. Sci. U.S.A. 69:2312-2316.

9. Hakenbeck, R., and W. Messer. 1977. Oscillations in
the synthesis of cell wall components in synchronized
cultures of Escherichia coli. J. Bacteriol. 129:1234-
1238.

10. Hakenbeck, R., and W. Messer. 1977. Activity of mu-
rein hydrolases in synchronized cultures of Escherichia
coli. J. Bacteriol. 129:1239-1244.

11. Hawrot, E., and E. P. Kennedy. 1975. Biogenesis of
membrane lipids: mutants of Escherichia coli with
temperature-sensitive phosphatidylserine decarboxyl-
ase. Proc. Natl. Acad. Sci. U.S.A. 72:1112-1116.

12. Helmstetter, C. E. 1967. Rate of DNA synthesis during
the division cycle of Escherichia coli B/r. J. Mol. Biol.
24:417-427.

13. Helmstetter, C. E., S. Cooper, 0. Pierucci, and E.
Revelas. 1968. On the bacterial life sequence. Cold
Spring Harbor Symp. Quant. Biol. 33:809-822.

14. Helmstetter, C. E., and 0. Pierucci. 1976. DNA syn-
thesis during the division cycle of three substrains of
Escherichia coli B/r. J. Mol. Biol. 102:477-486.

15. Hoffman, B., W. Messer, and U. Schwarz. 1972. Reg-
ulation of polar cap formation in the life cycle of Esch-
erichia coli. J. Supramol. Struct. 1:29-37.

16. Jacob, F., S. Brenner, and F. Cuzin. 1963. On the
regulation of DNA replication in bacteria. Cold Spring
Harbor Symp. Quant. Biol. 28:329-348.

17. Kanfer, J., and E. P. Kennedy. 1963. Metabolism and
function of bacterial lipids. I. Metabolism of phospho-
lipids in Escherichia coli B. J. Biol. Chem. 238:2919-
2922.

18. Leduc, M., and M. Schaechter. 1978. Size of lipid pre-
cursor pool in Escherichia coli. J. Bacteriol. 133:1038.

19. Mathison, G. E. 1968. Kinetics of death induced by
penicillin and chloramphenicol in synchronous cultures
of Escherichia coli. Nature (London) 219:405-407.

20. Mirelman, D., Y. Yashouv-Gan, Y. Nuchamovitz, S.
Rozenhak, and E. Z. Ron. 1978. Murein biosynthesis
during a synchronous cell cycle of Escherichia coli B.
J. Bacteriol. 134:458-461.

21. Ohki, M. 1972. Correlation between metabolism of phos-
phatidylglycerol and membrane synthesis in Esche-
richia coli. J. Mol. Biol. 68:249-264.

VOL. 138, 1979



460 PIERUCCI

22. Pierucci, 0. 1978. Dimensions of Escherichia coli at
various growth rates: model for envelope growth. J.
Bacteriol. 135:559-574.

23. Ryter, A., Y. Hirota, and U. Schwarz. 1973. Process of
cellular division in Escherichia coli: growth pattern of
E. coli murein. J. Mol. Biol. 78:185-195.

24. Sargent, M. G. 1973. Membrane synthesis in synchronous
cultures of Bacillus subtilis 168. J. Bacteriol. 116:397-
409.

25. Schwarz, U., A. Asnus, and H. Frank. 1969. Autolytic
enzymes and cell division of Escherichia coli. J. Mol.
Biol. 41:419-429.

26. Schwarz, U., A. Ryter, A. Rambach, R. Hellio, and
Y. Hirota. 1975. Process of cellular division in Esche-

J. BACTERIOL.

richia coli: differentiation of growth zones in the sac-
culus. J. Mol. Biol. 98:749-759.

27. Tsukayoshi, N. P., P. Fielding, and C. F. Fox. 1971.
Membrane assembly in Escherichia coli. I. Segregation
of preformed and newly formed membrane into daugh-
ter cells. Biochem. Biophys. Res. Commun. 44:497-502.

28. Wilson, G., and C. F. Fox. 1971. Membrane assembly in
Escherichia coli. I. Segregation of preformed and
newly formed membrane proteins into cells and mini-
cells. Biochem. Biophys. Res. Commun. 44:503-511.

29. Zuchowski, C., and 0. Pierucci. 1978. Phospholipid
turnover during the division cycle of Escherichia coli.
J. Bacteriol. 133:1533-1535.


