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Mutants of Escherichia coli defective in the regulation of the fatty acid beta
oxidation pathway show an ultrastructural deficiency in septum formation at
high growth rate. Several independent pairs of parent and mutant strains have
been analyzed biochemically. Each parent strain displays a well-defined pattern
of cellular phospholipids, which varies with the growth conditions. High ratios
of phosphatidylglycerol to cardiolipin characterize fast-growth conditions. None
of the mutant strains, although they grow in mass nearly as rapidly as their
respective parents, can reach these high ratios. The beta oxidation pathway
regulatory mutation leads to an increased turnover of the glycerol moieties of
these phospholipids in the inner as well as in the outer cell membrane.

Appropriate fixation procedures for electron
microscopy ofEscherichia coli have allowed the
preservation of the highly labile structures oc-
curring in cell division (5); in addition, timing
of the septation events has been possible by the
use of synchronous cultures (6).
Accomplishment of this sequence of events

implies the regulated expression of several
genes, some of which are known. Numerous
mutants, defective in septation under nonper-
missive conditions, have distinctive physiologi-
cal behaviors, and the mutations have been
mapped (1, 25). Some of them have alterations
in phospholipid and/or murein synthesis (22).
Three other nonconditional mutations
(envA,B,C) leading to an impaired cell division
due to membrane alteration have also been
located (16, 26).
The biochemical links between the well-de-

fined structural features and the physiological
properties of these mutants remain poorly un-
derstood. Our attention was drawn, therefore,
to the observation that a biochemically known
mutation, the constitutivity of the fatty acid
beta oxidation pathway, leads to a defect in the
septation process: on rich medium, cells grow in
a filamentous form. The regulation of fatty acid
catabolism is well documented by the work of
Overath et al. (15, 21). Like these authors, we
selected and used constitutive mutants (32) for
this catabolic pathway. The mutation desig-
nated FadR by Overath and OleR by us can be
easily selected on a medium supplemented with

butyrate, valerate (32), or decanoate (21) as the
sole carbon source; preliminary results (not
published) obtained in our laboratory indicate
that the mutation presently designated as oleR
is located near purB (at 25 min on chromosome
map) with which it is 35% co-transducible by
phage Plkc.

Results presented here on morphological
structures and on biochemical analysis of sev-
eral pairs of parent and mutant strains grown
under three different conditions emphasize a
possible leading role of phospholipids in the
septation process.

MATERIALS AND METHODS
Strains. All bacterial strains used were Esche-

richia coli K-12. The sources from which they were
obtained and their properties are shown in Table 1.

Specific activities of the beta oxidation enzymes of
constitutive strains were about the same after
growth in a rich medium (no. 853) or in a glucose-
salts medium; they were generally 20 times higher
than the parental levels (32).

Bacterial media and growth. Mineral salts-glu-
cose medium was the medium 132 described previ-
ously (31), with a final glucose concentration of 5 g/
liter. Metabolite requirements were satisfied as fol-
lows (final concentrations): L-cysteine, L-histidine,
and L-arginine, 100 ,mg/ml; thiamine, 1 ,ug/ml. Me-
dium 853 contains (per liter): tryptone (Difco), 10 g;
yeast extract (Difco), 5 g; NaCl, 5 g; glucose, 1 g;
K2HPO4, 0.7 g; and KH2PO4, 0.3 g. The rich medium
used for strain 8 (8) and its derivative 8-01 contains
10 g of Casamino Acids (vitamin and salt free)
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TABLE 1. Bacterial strains

Strains Properties Source/reference

RC-10 F- cysC Str' R. Lavall6
RC10-9 OleR derivative of RC-10 Selected on decanoate
D5H3G7 F- aceD his Str 32
TRF5 OleR derivative of D5H3G7 32
37D52 F- aceD his arg Stre Recombinant of PA3730 (R. Lavall6)
D52-81 OleR derivative of 37D52 Selected on decanoate
KL16 Hfr B. Low
KL16-72 OleR derivative of KL16 Selected on decanoate
8 Kfr Cavalli glpD GlpR E. C. C. Lin
8-01 OleR derivative of strain 8 Selected on decanoate

(Difco) and 1 g of glucose per liter of mineral salt
medium 132.

Cultures were grown at 37 or 30°C on a rotary
shaking incubator, and turbidity measurements
were performed at 660 nm with a Beckman B spec-
trophotometer.

Viable counts were determined by taking dupli-
cate samples at the desired absorbance value and
making serial dilutions in the respective media in
parallel on each sample. Duplicate samples of the
suitably diluted bacterial suspensions were spread
immediately on nutrient agar plates, and the colo-
nies were counted after 18 h of incubation.

Optical and electron microscopy. Eosin-Giemsa
or acridine orange staining was performed by the
method of Piechaud (23). Preparation of specimens
for electron microscopy was made by the method of
Ryter and Kellenberger (27). Some samples were
embedded in Epon and successively poststained with
uranyl acetate and lead citrate.

Chemical measurements. Deoxyribonucleic acid
(DNA) was measured by the method of Burton (7).
The orcinol method used for measuring ribonucleic
acid (RNA) was as described by Umbreit et al. (30).
Proteins were measured by the Folin method by the
method of Sutherland et al. (29). Phospholipids were
estimated as phosphate after ashing as described by
Ames (2).

Extraction and separation of phospholipids.
Samples of culture (minimum of 200 ml) at a cell
density ofabout 4.108/ml were chilled, centrifuged at
10,000 x g, and washed with cold mineral salts
medium 132. The sedimented cells were extracted
three times with chloroform-methanol (2:1), by the
method of Kanemasa et al. (14). The combined ex-
tract was evaporated under nitrogen, redissolved in
chloroform-methanol (2:1), and washed three times
with 0.3% NaCl. Individual phospholipids were sep-
arated by thin-layer chroamtography on thin-layer
chromatography plates of Silica Gel 60 F254 (E.
Merck, A. G., Darmstadt, Germany). One-dimen-
sional separation was performed by the method of
Onishi (20) with chloroform-methanol-acetic acid
(70:30:10) as the solvent in a saturated atmosphere.
The solvents for chromatography were all reagent
grade or designated for chromatographic use (e.g.,
chloroform, obtained from Union Chimique Belge,
Brussels, Belgium).
The phospholipids were identified by their chro-

matographic behavior compared with that of com-

mercial standards: cardiolipin (Koch-Light Labora-
tories Ltd., Colnbrook, England), phosphatidylglyc-
erol (Supelco Inc., Bellefonte, Pa.), and phosphati-
dylethanolamine (General Biochemicals, Chagrin
Falls, Ohio).

Spots were detected with iodine vapor. After io-
dine sublimation, they were scraped and removed
from the plates by aspiration and placed in 1 ml of
scintillation fluid in 0.9 ml ofthe magnesium nitrate
solution used in the chemical determination of phos-
phate.

Incorporation of labeled precursors. Fifty micro-
curies (2 ,umol) of [2-3H]glycerol (New England
Nuclear Chemicals GmbH, Dreieichenhain, West
Germany) or 70 jiCi (5 ,umol) of [1-_4C]acetate was
added per 100 ml of culture. At the chosen time,
samples of the culture were poured on ice, imme-
diately centrifuged at 10,000 x g for 10 min, and
washed with cold mineral salts medium.
Preparation of cell membrane fractions. Cells

from 1 liter of culture at an absorbance (660 nm) of
0.400 were extracted and fractionated by the method
of Schnaitman (28) but with the following modifica-
tions. The discontinuous sucrose gradient was made
by successive layering of 8 ml of 70%, 10 ml of 57%,
and 10 ml of26% sucrose inN-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES) buffer
(10-2 M, pH 7.4). The extract was homogenized care-
fully in a mechanical Potter-type homogenizer, and
0.8 ml was layered on the top ofthe gradient. Gener-
ally, centrifugation for 90 min at 21,000 rpm/min in
an SW25 rotor (Spinco) gave good separation of in-
ner- and outer-membrane fractions. The less-dense
inner-membrane fraction is brownish in color and
contains 55 to 66% of the total membrane proteins
and 95% of the total succinic dehydrogenase activ-
ity, which was measured spectrophotometrically
with phenazine methyl sulfate and 2,6-dichloro-
phenolindophenol (33). The collected fractions were
diluted with water, centrifuged, and washed once.
Final sediments were suspended in a minimum
amount of water (0.15 ml) before phospholipid ex-
traction.

Intracellular sn-glycerol 3-phosphate concentra-
tion. Cell mass, intracellular water, and glycerol-
phosphate determinations were carried out with 500
ml of culture at an absorbance (660 nm) of 0.400 by
the method of Pizer et al. (24). Enzymatic measure-
ments of glycerol-phosphate were carried out spec-
trophotometrically by the method of Hohorst (13).
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RESULTS
Growth and morphological features. When

growing exponentially at 37°C in the rich com-
plex medium (medium 853), the mutated cells
tend to form filaments. The culture appears as
a mixture of cells ofquite different length, some
of them being more than 10 times longer than
the parental cells. The defect of septation is not
total; from time to time, some septa do go to
completion. Parent and mutant strains grow
exponentially to the same extent, although mu-
tant doubling times are 5 min longer than the
corresponding parental ones (e.g., 33 and 28
min for strains KL16-72 and KL16; 32 and 27
min for strains RC10-9 and RC10).

Measurements of absorbance and viable cell
counts (Fig. la) show that the defect is most
pronounced during the exponential phase of
growth. The ratio absorbance/number of cells,
an estimation of the mean mass per cell, is at
least doubled for the mutant. A fivefold in-
crease in this ratio has been observed for cells
growing in a turbidostat on the same rich me-
dium maintained for 4 h at an absorbance (660
nm) of 0.250. After a transfer from broth to
mineral medium (not shown), filaments divide
once or twice at approximately 20-min intervals
without any increase in mass, and growth re-
sumes after several hours. Very long cells do
not survive the transfer.
When growth occurs at 30°C, instead of at

37°C on the same rich medium (853), the mean
length of the mutated cells is diminished but is
still slightly higher than the parental one (Fig.
lb). Doubling times at that temperature are 50
and 46 min for strains KL16-72 and KL16, re-
spectively.
When growing at 37°C in a mineral salts-

glucose medium, the mutated cells have a
nearly normal size. In this medium, the ratio
defined above does not differ significantly be-
tween the parent and mutant (Fig. lc), where
doubling times are 58 and 77 min, respectively.

Microscopy observations of filamentous cells
with ultraviolet fluorescence after nuclear col-
oration by eosin-Giemsa or acridine orange re-
veal that the only visible defect is the absence
of septation; the nuclear bodies appear to be
evenly distributed along the filaments (Fig.
2a). Electron microscopy of sections from these
cells (Fig. 2b through f) shows that the fine
structure of the nucleoids, the cytoplasm, and
the membranes looks normal. However, sev-
eral invaginations of cytoplasmic membrane
are observed: they appear at random, without
symmetry or association with expected sites of
division (e.g., midcell), and they do not seem to
be followed by any constriction of the outer cell
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FIG. 1. Relationship between viable cell counts
and absorbance for cultures in complex medium
(853) at 37°C (a), 30°C (b), and in mineral salts-
glucose medium at 37°C (c). Symbols: *, KL16 (par-
ent strain); 0, KL16-72 (mutant). Each point is the
mean value offour individual counts.

wall (Fig. 2c and d). In the rare cases in which a
cross section of a septum in the process of for-
mation is observed (Fig. 2e and f), it appears
that the cytoplasmic membrane and the double
lamellae of the mucopeptide are already com-
pletely closed, although outer-membrane mate-
rial is only beginning to intrude. Under the
same conditions of growth and fixation, the
parent cell shows constrictive division and no
trace of septum (Fig. 2g). These observations
are thus in accord with the recent demonstra-
tion (5) that the preservation of septa by the
standard Ryter-Kellenberger fixation method
is an unusual feature. The mutant septa, where
they occur, should thus not be as labile as those
ofthe parent wild-type cells (see Discussion).

Cellular macromolecule contents. Cellular
levels of proteins, RNA, DNA, and phospholip-
ids were measured in a pair of parent and mu-
tant strains (KL16 and KL16-72) growing in the
rich medium. The DNA contents were, respec-
tively, 24.0 and 23.9 jig/mg ofdry weight with a
o- value of +0.3 based on four independent de-
terminations. The RNA/DNA ratio was 10.5
(±0.5), and the protein/DNA ratio was 22 (+1)
for the two strains. These values are in agree-
ment with those reported for E. coli growing in
broth medium (10). The total lipid phosphate
was 5.3 (+0.1) ,ug/mg of dry weight for the two
strains. It seems, therefore, that the mutation
does not affect the overall synthesis of these
fundamental macromolecules; this is reflected
in the normal cellular ultrastructure and in the
small difference in growth rate between parent
and mutant.
Phospholipid composition. Although the to-
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FIG. 2. E. coli mutant strains. (a) Strain TRF5: ultraviolet fluorescence microscopy, acridine orange
coloration; bar represents 10 pm. Sections in electron microscopy, bars represent 1 pm. (b, c, and d) Strain
RC10-9. (e and f) Strain KL16-72. (g) Parent strain KL16. All growth was in complex medium 853 at 37°C.
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tal phospholipid content was not altered in the
mutant cells growing in filamentous form, pre-
liminary results revealed a clear-cut difference
in the distribution of the component cellular
phospholipids between a parent and its mutant.
Cellular contents of each phospholipid were

measured for several independent cultures of
four different pairs of strains. The results, ex-

pressed as the relative amount of phosphate in
each of the three phospholipids, were estab-
lished with good precision for each strain grow-
ing exponentially either in rich medium (Table
2) or in mineral salts-glucose medium (Table 3).

Phosphatidylethanolamine appears in the
same high proportion under the two growth
conditions for each pair of strains and does not
differ significantly from one strain to another.
This is in accordance with its known stability
under a variety of conditions (14).
For each parent strain examined after

growth in complex medium (853), the level of
phosphatidylglycerol is at least twice that of
cardiolipin; strain KL16 is notably lacking the
usual concentration of the latter. In each in-
stance, the presence of the mutation for beta
oxidation constitutivity leads to a decrease in
the phosphatidylglycerol and an increase in
cardiolipin level, so that the ratio of the con-

tents of these two phospholipids drops from the
parental level of 2 or more to 1 or less (from 10.0
for strain KL16 to 1.6 for strain KL16-72).
In contrast, after growth in mineral salts-

glucose medium where there is no morphologi-
cal alteration, the ratio of phosphatidylglycerol
to cardiolipin is about 1 or less for both parent
and mutant. Thus, it appears that the regula-

tory mutation prevents the cells from attaining
the higher level of phosphatidylglycerol, rela-
tive to cardiolipin, which is characteristic of the
fast growth on rich medium, and has no conse-
quence in glucose-salts medium.
The interpretation ofthe preceding results as

showing an effect of growth rate, rather than
simply a nutritional consequence, is supported
by the phospholipid distribution obtained after
growth on the complex medium at 30°C instead
of 37°C. The results are given in Table 2 for
strains KL16 and KL16-72. The slowing down of

TABLE 3. Distribution ofphospholipids in pairs of
parent and mutant strains after growth in glucose-

mineral salts medium at 37oCa
Distribution of: Phospha-

tidylgly-
Strain Phospha- Phospha- Cardio cerol/car-

thano- tidylgly- lipin- diolipin
lamine cerol ratio

RC10 80±1 12±1 8±1 1.5
(parent)

RC10-9 80 ± 1 12 ± 1 8 ± 1 1.5
(OleR)

D5H3G7 75 ± 2 13 ± 1 12 ± 1 1.1
(parent)

TRF5 78 ± 2 12 ± 1 10 ± 1 1.2
(OleR)

37D52 82 9 9 1.0
(parent)

D52-81 82 7 11 0.6
(OleR)

KL16 77 15 8 1.9

a Results are expressed as indicated in Table 2, footnote a.

TABLE 2. Distribution ofphospholipids in pairs ofparent and mutant strains after growth in complex
medium (853)a

Distribution of: Phosphatidylglyc-
Strain eroVcardiolipin ra-

Phosphatidyletha- Phosphatidylglyc- Cardiolipin tio
nolamine erol

RC10 (parent) 74 7 18 2 8 2 2.2
RC10-9 (OleR) 73 ± 7 10 ± 2 17 ± 5 0.6

D5H3G7 (parent) 76 ± 3 17 ± 1 7 ± 2 2.4
TRF5 (OleR) 78 3 11 1 11 1 1.0

37D52 (parent) 81 4 13 3 6 3 2.1
D52-81 (OleR) 80 6 9 3 11 3 0.8

KL16 (parent) 78 ± 4 20 ± 3 2 ± 1 10.0
KL16-72 (OleR) 77 ± 4 14 ± 2 9 ± 2 1.6

KL16 (parent) at 30°C 77 20 3 6.6
KL16-72 (OleR) at 30°C 76 19 5 3.8

a Results are expressed as a mean percentage of phosphate in each phospholipid species; the + number is
the C- value based on results obtained from a minimum of four individual cultures. All growth was at 37°C
unless indicated otherwise.
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the growth, which, as we showed above, clearly
reduces the cellular division deficiency of the
mutants, leads to an intermediate value of the
phosphatidylglycerol/cardiolipin ratio in the
parent (6.6 compared with 10.0 on complex me-

dium at 37°C and with 1.9 on glucose mineral
salts medium at 37°C). It also leads to a much
smaller difference of these ratios between par-
ent and mutant strains (6.6 and 3.8). Although
the phospholipids are shared almost equally
between the inner and the outer membrane of
E. coli (28), the distribution pattern of the indi-
vidual phospholipids in these structures needed
to be examined. Cells of a pair of strains were

extracted and fractionated on a discontinuous
sucrose gradient (70%-57%-26%), and the com-

pleteness of separation of the outer from the
inner membrane was checked by assaying each
fraction for succinic dehydrogenase activity.
The results (Table 4) show that the high propor-
tion of phosphatidylglycerol relative to cardio-
lipin, which characterizes the parent strain in
fast growth, is found in both membranes and
that the decrease of the ratio of these two phos-
pholipids resulting from the mutation affects
the two membranes equally.

Incorporation of [3H]glycerol into cellular
phospholipids. The [3H]glycerol incorporation
experiments necessitated the use of strain 8 (8),
containing mutations that allow the immediate
entry and phosphorylation of glycerol and
impede glycerol phosphate oxidation. From this
strain, beta oxidation-constitutive mutant 8-01
was derived. First, samples of the culture dur-
ing growth in the presence of [3H]glycerol were
extracted, and the radioactivity and phosphate
content of the phospholipid extracts were mea-

sured (Fig. 3). The total phospholipid phos-
phate per mass unit remained fairly constant
during culture, as expected for a well-balanced
growth, and equivalent values were found for
the two strains. In contrast, the specific radio-
activity of the phospholipids (radioactivity/
phosphate content) is clearly higher and in-
creases faster in the beta oxidation-constitutive
strain than in its parent.

This first indication of an increase in turn-
over in the phospholipids of the mutant was

confirmed by similar types of measurements
carried out after a 7-min pulse of [3H]glycerol
during the exponential phase of growth of the
same pair of strains. In this experiment (Table
5), the specific radioactivity of each of the three
phospholipids was determined. The reported
values were calculated by taking into account
the number of glycerol and phosphate moieties
in each type of phospholipid. It appears that
specific radioactivities of phosphatidylethanol-
amine, phosphatidyglycerol, and cardiolipin
are, respectively, 1.8, 2.3, and 2.3 times higher
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FIG. 3. Incorporation of[3H]glycerol into total cel-
lularphospholipids during growth, on glucose-Casa-
mino Acids medium, of parent strain 8 (a) and
mutant derivative 8-01 (0). Bottom, Total phospho-
lipid phosphate in nanomoles per milliliter per mass
unit as a function ofgrowth. Top, Specific radioac-
tivity of total phospholipids during the same growth;
[3H]glycerol was added when the culture had at-
tained an absorbance (at 660 nm) of 0.100.

TABLE 4. Distribution ofphospholipids in inner and outer membranes from a pair ofparent and mutant
strainsa

Distribution of: Phosphatidyl-
Strain Membrane Pholatine Phosphatidyl- glycerol/cardio-

ethanolamine glycerol Cadoin lpnrto

KL16 (parent) Inner 73 24 3.5 7
Outer 83 15 1.5 10

KL16-72 (OleR) Inner 76 15 8 2
Outer 81 13 6 2

a Growth was in complex medium 853 at 37°C; results are expressed as indicated in Table 2, footnote a.
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for the mutant than the corresponding figures
for the parent strain.

Distribution of pulse [3H]glycerol into
membrane phospholipids. The distribution of
the [3H]glycerol incorporated during the 7-min
pulse was determined for the three phospholip-
ids of inner and outer membranes; here also,
the chemical determinations of the phosphate
of each phospholipid permitted calculation of
specific radioactivities (Table 6). As expected,
the phospholipids of the inner membrane were

more highly labeled than those of the outer
membrane. The increased incorporation typical
of the mutated strain was distributed with the
same coefficient for each phospholipid between
the two cellular membranes. By taking the spe-

cific radioactivity of the phosphatidylethanola-
mine of the parent strain as unity, it appears

that the phosphatidylglycerol from either the
inner or the outer membrane of the mutated
strain is, by far, the most labeled phospholipid.
It may be noted that the cardiolipin ofthe outer
membrane also has relatively high specific ra-

dioactivity. This may indicate that the phos-

phatidylglycerol of the outer membrane (rather
than the phoshatidylglycerol of the inner one)
could be its immediate precursor.

Intracellular pool of glycerol phosphate.
The marked increase of specific radioactivities
of the phospholipids in the mutant could be due
to a lower intracellular level of glycerol phos-
phate. Although logically this possibility is not
compatible with the expected consequences of
the constitutivity ofthe beta oxidation pathway
(see Discussion), the cellular content of glycerol
phosphate was measured in strains 8 and 8-01
growing exponentially in the same medium
that was used in the labeling experiment, but in
the absence of glycerol.

Results (Table 7) indicate that the cellular
pool is clearly higher (about twice) in the mu-
tant strain, and this is equally true for the
other pairs ofparent and mutant strains which,
unlike the type 8, do not carry any "glycerol"
mutation. These additional strains were grown

on the rich medium used in the first part of this
work. Thus, it seems to be established that the
mutation for constitutivity ofthe beta oxidation

TABLE 5. Repartition of 7-min pulsed [3H]glycerol into the phospholipids ofa pair ofparent and mutant
strainsa

Phosphate [3H]glycerol Specific ra-
Strain Type of phospholipids nmol/ml of (cpm/ml of ex- dioactivit9

extract %tract)
8 (parent) Phosphatidylethanolamine 2,200 69 553 x 103 251

Phosphatidylglycerol 650 20 343 x 103 264
Cardiolipin 340 11 79 x 103 155

8-01 (OleR) Phosphatidylethanolamine 1,823 69 823 x 103 451
Phosphatidylglycerol 431 16 524 x 103 608
Cardiolipin 385 15 212 x 103 366

a Cells were grown on glucose-Casamino Acids medium.
Expressed as counts per minute per glycerol unit and per nanomole of each phospholipid calculated from

the phosphate measurements and the known phosphate content of each molecule.

TABLE 6. Distribution ofpulsed [3H]glycerol into the phospholipids ofthe inner and outer membrane ofa pair
ofparent and mutant strainsa

Specific radioactivity' Ratio of specific radioactivi-tiesc
Strain Type of phospholipid

Inner mem- Outer mem- Inner mem- Outer mem-
brane brane brane brane

8 (parent) Phosphatidylethanolamine 241 176 1.0 1.0
Phosphatidylglycerol 311 192 1.3 1.1
Cardiolipin 198 123 0.8 0.7

8-01 (OleR) Phosphatidylethanolamine 328 266 1.4 1.5
Phosphatidylglycerol 729 576 3.0 3.3
Cardiolipin 223 326 0.9 1.8

a Cells were grown on glucose-Casamino Acids medium.
b Expressed as described in Table 5, footnote b.
e The ratio is based on the specific radioactivity of phosphatidylethanolamine from the inner or the outer

membrane of the parent strain taken as unit.
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TABLE 7. Intracellular concentration ofsn-glycerol-3-phosphate in four different pairs ofparent and mutant
strainsa

Intracellular water Ratio of glyc-
Strain Dry wt (mg) Glycerol-P Glycerol-P erol-P concn:

ml ml/g of dry (rnnol) concn (gM) (mutant/parent)
8 (parent) 250 0.91 3.6 396 435
8-01 (OleR) 270 0.84 3.1 866 1,031 2.4

RC10 (parent) 200 0.80 4.0 320 400 2.1
RC10-9 (OleR) 210 0.77 3.7 647 840

37D52 (parent) 190 0.94 4.0 500 532 2.1
D52-81 (OleR) 213 0.68 4.0 759 1,116

KL16 (parent) 240 1.06 4.4 472 445 1.5
KL16-72 (OleR) 236 1.01 4.3 666 659

a All values are expressed per liter of culture at an absorbance (660 nm) of 0.400. Strain 8 and strain 8-01
were grown on glucose-Casamino Acids medium; the other pairs were grown on complex medium (853).

alone is responsible for the increased level of
intracellular glycerol phosphate.

Incorporation of [14C]acetate into cellular
phospholipids. Strains 8 and 8-01 were in-
cluded for comparative purposes in [14C]acetate
labeling experiments, employing procedures
similar to those described for [3H]glycerol incor-
poration. Specific radioactivity of the phospho-
lipids from cells grown exponentially in the
presence of ['4C]acetate is constant and equiva-
lent in the two strains; after only one doubling
in mass, is a complete steady-state equilibrium
in the metabolism ofphospholipid acyl moieties
reached.

After a pulse of ['4C]acetate (Table 8) it ap-
pears that, although greater labeling of acyl
moieties of phosphatidylglycerol is evident,
there are no significant differences between
parent and mutant strains in the specific ra-
dioactivities of their respective phospholipids.

DISCUSSION
By comparison of results reported recently, it

appears thatE. coli cells grown on rich medium
generally contain much more phosphatidylgly-
cerol than cardiolipin, whereas after growth on
a mineral salts-glucose medium they contain

an equivalent percentage of phosphatidylglyc-
erol and cardiolipin (18). The cellular content of
phosphatidylethanolamine, on the other hand,
remains the same under various growth condi-
tions.
The systematic study performed here, based

on chemical assays of the phospholipids of dif-
ferent K-12 strains grown on two different me-
dia, clearly establishes that the ratio of phos-
phatidylglycerol to cardiolipin is higher in rich
medium. That the value of this ratio is related
to the growth rate rather than simply being a
nutritional consequence is supported by the ob-
servation of an intermediate value of the phos-
pholipidic ratio in cells growing in the rich
medium at 30°C instead of 37°C. The possibility
of regulation ofphospholipid metabolism is also
suggested by the results obtained here with
strains genetically constitutive for the fatty
aci;d beta oxidation pathway. Evidently the mu-
tants tested cannot reach the parental ratio of
phosphatidylglycerol/cardiolipin peculiar to the
fast-growth conditions, since the postulated
regwulation of phospholipid metabolism is some-
how perturbed in the mutants.
The biosynthetic relationship between the

cellular phospholipids ofE. coli is the following:

acyl-acyl carrier protein (or -coenzyme A)

sn-glycerol 3-phosphate phosphatidic cytidine diphosphodiglyceride

cytidine tniphosphate
L-serine

phosphatidylserine -* phosphatidylethanolamine

phosphatidylglycerol 2 - cardiolipin

J. BACTERIOL.
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TABLE 8. Distribution of 7-min pulsed ['4C]acetate
into the phospholipids of strains 8 and 8-01a

Strain Type of phospholipids Specific ra-

8 (parent) Phosphatidylethanolamine 287
Phosphatidylglycerol 565
Cardiolipin 318

8-01 (OleR) Phosphatidylethanolamine 294
Phosphatidylglycerol 580
Cardiolipin 440

a Grown on glucose-Casamino Acids medium.
bExpressed as counts per minute per nanomole of phos-

pholipid, calculated as described in Table 5, footnote b.

It is well known (for a review, see reference 9)
that a decrease of phosphatidylglycerol in favor
of cardiolipin occurs as a consequence ofnumer-
ous manipulations and even normally during
transition from the exponential to the station-
ary growth phase. In fact, all of these condi-
tions have in common a general physiological
consequence: the interruption of septation,
whether accompanied or not by a slowing down
of the growth.

If one can obtain this biochemical variation
of the phosphatidylglycerol and cardiolipin lev-
els with the same structural and physiological
consequences, namely, the inhibition of septa-
tion, but in a quite different way and in energy
nonrestrictive conditions, then one could as-
sume that the ratio of these two phospholipids
is, in fact, a normal cellular signal of coordina-
tion between growth rate and ability to form
septa.

It is not likely that the mutants studied in
our investigation, growing exponentially in
rich medium with a doubling time of about 30
min, suffer from any shortage of energy (in the
form of adenosine 5'-triphosphate, e.g., see ref-
erence 3). Furthermore, the observation that
the phospholipid modification, together with
the septation deficiency, disappears in slower
growth conditions tends to support the above-
mentioned hypothesis. According to Cronan
and Vagelos (9), the change of phosphatidyl-
glycerol/cardiolipin ratio is a consequence of a
decrease of cellular phosphorylating ability. To
explain the results mentioned above, it must be
assumed that cardiolipin synthesis, which
ocurrs by the condensation of two molecules of
phosphatidylglycerol (12), is independent of the
cellular level in phosphatidylglycerol and would
thus function at phosphatidylglycerol satura-
tion.

[3H]glycerol incorporation measurements,
coupled with the chemical assays of the various
phospholipids, permitted us to determine the
specific radioactivity of each molecular species

in the appropriate pair of strains. Higher spe-
cific radioactivities cannot be due to an in-
creased rate of synthesis. Moreover, phospho-
lipid content per mass unit is constant and
equivalent during the growth of parent and
mutant strains; thus, the results clearly reveal
a higher turnover activity of the glycerol moi-
ety of the phospholipids in the mutants. This
suggests that adjustment ofphospholipid distri-
bution depends on modulation of such turnover
activities, phosphatidylglycerol being the fa-
vorite target of these activities. It was shown
previously that the rate of turnover ofphospha-
tidylglycerol, especially, varies during the cell
life cycle (19).
The preferential turnover of phosphatidyl-

glycerol reinforces the assumption that the rate
of production of cardiolipin is largely independ-
ent of the phosphatidylglycerol cellular concen-
tration.
The identification of the enzymes responsible

for the turnover should lead to an understand-
ing of how the beta oxidation constitutivity can
modify their control. Nevertheless, assuming
that these turnover activities, when abnor-
mally increased, account for the alteration of
the phospholipid pattern and since they seem to
be more effective at a higher rate of growth,
they ought to be dependent on metabolites or
effectors whose cellular concentration changes
with growth rate.
The permanent presence of the enzymes of

catabolism of the acyl-coenzyme A derivatives
conceivably could lower the level of these part-
ners of the glycerol phosphate in the first reac-
tion ofphospholipid biosynthesis and thus could
lead to some accumulation of glycerol phos-
phate. A larger cellular pool of glycerol phos-
phate is actually found in constitutive strains;
moreover, this implies that the total internal
turnover activity of the phospholipid glycerol
moiety is, in fact, still higher in the mutant
than shown by radioactivity measurements
alone. Therefore, the two-times-higher pool of
glycerol phosphate in the mutant implies that
the turnover of phosphatidylglycerol, for in-
stance, is in fact about five times higher in the
constitutive strain than in its parent.
Incorporation studies with [14C]acetate, car-

ried out and expressed in the same way as for
[3H]glycerol, give quite different results. It ap-
pears that the increased turnover of the glyc-
erol portion of the phospholipids does not coin-
cide with an increased turnover in the acyl
chains. This would imply that the turnover
does not involve free acyl chains but, perhaps,
phosphatidic acid. Alternatively, the free acyl
chains are involved and could be reutilized as
such in the phospholipid metabolism or catabo-
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lized without being reequilibrated with the ra-
dioactive acetyl coenzyme A precursor in their
biosynthesis. Here again, the nature of the en-
zymatic turnover activities acting on phospho-
lipids should answer the question.
As regards the septation deficiency, so re-

markably coincident with the phospholipid
alterations, the electron micrographs show that
the defect is similar to the one described by
Burdett and Murray for two other chain-form-
ing strains ofE. coli (D22 envA; CTR97) (5). In
line with the interpretation given by these
authors, this would mean that some autolysin
activities are defective in our mutants. Mapping
results obtained in our laboratory show that the
mutation studied here is a point mutation affect-
ing no gene other than the lipid regulation one.
Thus, one could hypothesize the necessity of a
given ratio of phosphatidylglycerol/cardiolipin
to ensure high enough lysin activity for high
septum frequency and so correlate this to the
phospholipid alteration. The recent work of
Goodell et al. (11), showing an enrichment in
phosphatidylglycerol of the cell poles in com-
parison with that of the lateral wall in E. coli
K-12, gives some support to this assumption.
In connection with this, we should like to men-
tion that cells of strain KL16, which contain
a high phosphatidylglycerol/cardiolipin ratio,
are morphologically thick-set rods, noticeably
shorter than other K-12 cells we have observed
routinely.
We have seen that the modification of the

ratio of phospholipids is similar in the inner
and the outer membrane of the mutants, and
that, even after a short pulse of glycerol, the
specific radioactivity of the phospholipids in-
creases in the same way in both membranes.
Since it has been reported that the enzymes
involved in phospholipid synthesis are bound to
the inner membrane (9), our results show that
an exchange of phospholipids occurs rapidly
and is unperturbed in the mutant.
The model for septation process proposed by

Zaritsky and Pritchard (34) is based on differ-
ence in the mode of growth of the various enve-
lope layers. Recently, permeability studies of
chain-forming mutants ofenvA type have been
interpreted by assuming unbalanced growth of
the cellular envelopes, thus supporting this
model (17). Initially, an alteration in the
growth mode of one or the other of the enve-
lopes does not seem to occur in our mutants.
Nevertheless, a proper local phospholipid com-
position of the outer membrane could be neces-
sary to allow an interaction with the lipid por-
tion of the lipoprotein M, which is known to be
covalently linked by its other end to the peptido-

J. BACTERIOL.

glycan (4). This interaction could be crucial
during septum formation.
Further studies have to take into account

possibilities of such mechanistic, as well as en-
zymatic, control effects of the membrane phos-
pholipids on the septation process.
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