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Phosphatidylglycerol was pulse-labeled with radioactive lipid precursors in a
serine auxotroph of Escherichia coli. Most of the radioactivity of
phosphatidylglycerol labeled in a serine-depleted medium was transferred to
phosphatidylethanolamine during a chase in the presence of L-serine, but not in its
absence. Metabolism of fatty acyl moieties labeled with [1-14C]acetate, acylated
glycerol moieties labeled with [2-3H]glycerol, and phosphate moieties labeled with
2Pi, followed by a chase in the presence of cerulenin, showed that the intact
phosphatidyl moiety of phosphatidylglycerol was transferred to phosphatidyleth-
anolamine. The composition of phosphatidylethanolamine molecular species was
unaltered and not perturbed by the transfer of the phosphatidyl moiety of
phosphatidylglycerol. The increase of phosphatidylethanolamine with a concomi-
tant decrease of phosphatidylglycerol was not coupled with the postulated
turnover of phosphatidylglycerol to membrane-derived oligosaccharides and
lipoprotein. It is suggested that phosphatidylglycerol is capable of providing its
phosphatidyl moiety for the production of phosphatidylethanolamine in response
to the relief of serine limitation by addition of L-serine.

Escherichia coli membranes contain phospho-
lipids which are composed of phosphatidyleth-
anolamine, phosphatidylglycerol, and cardiolip-
in. Phosphatidylglycerol is an acidic
phospholipid and comprises about 20 to 30% of
the total phospholipids. Phosphatidylglycerol in
E. coli membranes is known to be a cofactor of
certain membrane-associated enzymes (20, 22).
Rapid metabolism of phosphatidylglycerol has
been shown by many workers (12, 13, 30, 40,
33). The turnover of phosphatidylglycerol oc-
curs as follows: cardiolipin formation from 2 mol
of phosphatidylglycerol (17), rapid exchange of
nonacylated glycerol for free glycerol in cells (2,
29), and production of acyl phosphatidylglycerol
(25). Furthermore, membrane-derived oligosac-
charides in the periplasmic space containing sn-
glycerol 1-phosphate residues are derived from
the nonacylated glycerol of phosphatidylglyc-
erol (37, 39). 1,2-Diglyceride is covalently at-
tached to the sulfhydryl group of murein lipopro-
tein through a thioether linkage (6, 15). Wu and
co-workers have shown that the glycerol moiety
of this lipoprotein is donated by the nonacylated
glycerol of phosphatidylglycerol, and acyl
chains are derived by the deacylation of phos-
pholipids (9, 10, 26, 27). Recently, a mutant
defective in phosphatidylglycerol synthesis was
used to show that the phosphatidylglycerol gene
was linked to lipopolysaccharide metabolism
(31). In this report we attempt to investigate the
fate of phosphatidylglycerol, which is radioac-

tively labeled in a serine auxotroph in the ab-
sence of L-serine. The transfer of the phosphati-
dyl moiety of phosphatidylglycerol to
phosphatidylethanolamine in E. coli membranes
is described.

MATERIALS AND METHODS
Chemicals and materials. Bacillus cereus phospholi-

pase C and cabbage phospholipase D were the prod-
ucts of Boehringer Mannheim GmbH, Mannheim,
West Germany. Thin-layer plates precoated with Sili-
ca Gel G (no. 5721,5724,11845) were purchased from
E. Merck AG, Darmstadt, West Germany. Funagel,
FGI (150 A [15.0 nm]) was obtained from Funakoshi,
Tokyo. E. coli lipids were prepared as described
previously (23). Standard phospholipids were pur-
chased from Serdary Research Laboratories, London,
Ontario, Canada. [1-14C]acetate (56.0 mCi/mmol), [2-
3H]glycerol (10 Ci/mmol), and 32p, were purchased
from New England Nuclear Corp., Boston, Mass.
Cerulenin was purchased from Sigma Chemical Co.,
St. Louis, Mo. Chloramphenicol was obtained from
Boehringer Mannheim.

Culture, strain, and growth conditions. A serine
auxotroph, E. coli SerA- KAt, of an E. coli K-12
derivative was a gift from L. I. Pizer (University of
Colorado Health Science Center, Denver). Bacteria
were grown in minimal M9 medium containing 0.2%
glucose, 0.1% Casamino Acids, and 50 pLg of L-serine
per ml (24). Growth of cells was monitored with a
Klett-Summerson photoelectric colorimeter (filter no.
66).

Pulse-labeling and chase. A serine-depleted medium,
minimal M9 medium supplemented with 0.2% glucose,
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was used for pulse-labeling with [1-'4C]acetate or [2-
3H]glycerol. A low-phosphate medium containing 1
mM phosphate and 0.2% glucose was used for the
pulse-labeling with 32Pi (8). Cells were grown to a
density of approximately 50 Klett units at the early
exponential growth phase and then harvested by cen-
trifugation. Concentrated cells at 200 to 280 Klett units
were used for pulse-labeling for 10 to 20 min in 50 ml of
a serine-depleted medium. Pulse-labeling was termi-
nated by addition of unlabeled acetate, glycerol, or Pi.
Cells were washed with minimal M9 medium at 4°C
and harvested by centrifugation. Portions of cells were
subsequently chased at 37°C in serine-supplemented
or depleted M9 medium, except for the Ca2' treat-
ment. Treating cells with Ca2' was carried out in
minimal Tris medium during the chase, by a modifica-
tion of the procedure of Irvine et al. (18). The minimal
Tris medium used for chase consisted of 0.05 M Tris-
hydrochloride buffer, 0.08 M NaCl, 0.02 M KCl, 0.02
M NH4Cl, and 0.003 M Na2SO4, pH 7.5. The chase
was also carried out in a seine-depleted medium or in
the serine-supplemented medium containing ce-
rulenin. Effects of chemicals on lipid metabolism was
investigated by additions during the chase in the
serine-supplemented medium after pulse-labeling with
[1-14C]acetate. The final concentrations of chemicals
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in the cultures were as follows: hydroxylamine, 10
mM; CaCl2, 0 to 50 mM; disodium EDTA-2H2O, 0 to
43 mM; chloramphenicol, 100 ,ug/ml; sodium cyanide,
10 mM; sodium azide, 50 mM; 2,4-dinitrophenol, 2
mM.

Phospholipid analysis. During the chase, portions of
cultures were taken at given intervals and transferred
into 5% trichloroacetic acid with carrier cells (5 to 10
mg). Lipids were extracted from the precipitates with
chloroform-methanol (2:1, vol/vol) at 35°C (4). Sam-
ples of 50 jLg of phospholipids of E. coli K-12, phos-
phatidylserine, and phosphatidic acid were added to
the lipid extracts, which were washed with 0.2 M KCl.
Phospholipids were separated by two-dimensional
thin-layer chromatography, with chloroform-metha-
nol-28% ammonia in water (200:120:15, vol/vol) as the
first solvent system and chloroform-methanol-acetic
acid (65:25:8, vol/vol) as the second solvent system.
Preparation of phosphatidylethanolamine and phos-
phatidylglycerol was carried out with a one-dimen-
sional solvent system of chloroform-methanol-acetic
acid (65:25:8, vol/vol) on Funagel plates. For the
measurement of radioactivity in the acylated glycerol
moiety of phosphatidylglycerol, it was treated with
phospholipase C (11, 23, 41), and radioactivity in the
resultant 1,2-diglyceride was determined. Molecular
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FIG. 1. Pulse-labeling and chase with [1-14C]acetate in E. coli SerA- KAt. Cells harvested at 50 Klett units

were pulse-labeled with 20 ,uCi of [1-14C]acetate (0.36 t.mol) for 10 min at 37°C in a serine-depleted medium.
Unlabeled acetate was added to dilute the specific activity 1,000-fold. One portion was chased in 100 ml of a
serine-supplemented medium (A), and the other was chased in 100 mi of a serine-depleted medium (B). At
various intervals, 10 ml of culture was removed, and the reaction was terminated at a final concentration of 5%
trichloroacetic acid. Radioactivity of "C-phospholipids was determined as described in the text. Symbols: 0,
total phospholipids; A, phosphatidylglycerol; 0, phosphatidylethanolamine; O, cardiolipin.
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species of phospholipids were determined by thin-
layer chromatography with Silica Gel G impregnated
with silver nitrate as described previously (23).
Measurements of radioactivity. Phospholipids sepa-

rated on thin-layer plates were scraped from plates
into scintillation vials. Measurements were carried out
in a toluene-based scintillation fluid (23). Values were
expressed as counts per minute. Phospholipids doubly
labeled with [1-14C]acetate and [2-3H]glycerol were
extracted from thin-layer plates, and disintegrations
per minute were determined. The ratio of 3H to "C
was calculated by standardization. Radioactivity in
water-soluble fractions was analyzed by using Aqua-
sol-2 (New England Nuclear Corp.). Lipid-depleted
pellets, which were applied for the determination of
membrane-derived oligosaccharides and murein lipo-
protein, were solubilized with NCS.(Amersham Inter-
national Limited, Amersham, England), and the radio-
activity was determined in a toluene-based scintilla-
tion fluid (37, 39). Measurements were performed on a
Packard Tri-Carb liquid scintillation spectrometer.

RESULTS
Pulse-labeling and chase with [1-_4C]acetate.

Pulse-labeling with [1-14C]acetate of a serine
auxotroph, E. coli SerA- KXt, in a serine-
depleted medium showed that radioactivity was
preferentially incorporated into phosphatidyl-
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glycerol (Fig. 1). The transfer of the radioac-
tivity of phosphatidylglycerol to phosphati-
dylethanolamine occurred during the chase in a
serine-supplemented medium (Fig. 1A). The de-
crease in radioactivity in phosphatidylglycerol
was concomitant with an increase in radioactiv-
ity of phosphatidylethanolamine, and the total
radioactivity in the phospholipid fraction was
not changed. The conversion of phosphatidyl-
glycerol to phosphatidylethanolamine was de-
pressed during the chase in a serine-depleted
medium (Fig. 1B), and progressed in the pres-
ence of cerulenin in a serine-supplemented me-
dium (data not shown).

Pulse-labeling and chase with [2-3HJglycerol.
Pulse-labeling with [2-3H]glycerol in a serine-
depleted medium resulted in preferential incor-
poration into phosphatidylglycerol which ac-
counted for more than 90%o of radioactivity in
the lipid fraction. After dilution by addition of
unlabeled glycerol, radioactivity was chased in
the presence (Fig. 2A) or absence (Fig. 2B) of L-
serine. In both cases, total radioactivity in phos-
phatidylglycerol was significantly reduced by
the loss of the nonacylated glycerol moiety due
to the exchange for free glycerol in cells (2, 29).
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FIG. 2. Pulse-labeling and chase with [2-3H]glycerol in E. coli SerA- KAt. Cells harvested at 50 Klett units

were pulse-labeled with 100 ,uCi of [2-3H]glycerol (10 nmol) for 20 min at 37°C in a serine-depleted medium.
Unlabeled glycerol was added to dilute the specific activity 1,000-fold. One portion was chased in 100 ml of a
serine-supplemented medium (A), and the other portion was chased in 100 ml of a serine-depleted medium (B).
At various intervals, 10 ml of culture was removed and the reaction was terminated at a final concentration of5%
trichloroacetic acid. Radioactivity of 3H-phospholipids was determined as described in the text. Symbols: 0,
total phospholipids; A, intact phosphatidylglycerol; A, 1,2-diglyceride moiety of phosphatidylglycerol; 0,
phosphatidylethanolamine; O, cardiolipin.
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Pulse-labeling and chase of acylated glycerol
3 moiety doubly labeled with [2-3H]glycerol and [1-

14C]acetate. Phosphatidylglycerol was pulse-la-
beled by the simultaneous addition of 100 ,uCi of

3 - ts [2-3H]glycerol and 10 tCi of [1-14C]acetate to a
culture. The ratio of H to 14C disintegrations

3 per minute in phosphatidylethanolamine and the
1,2-diglyceride moiety of phosphatidylglycerol

- was measured during the chase. At the initial
3 -~ r~~~~~~~~~~~~-Q_chasing time, the ratio of 3H to 14C in phosphati-

b dylethanolamine and the 1,2-diglyceride moiety
of phosphatidylglycerol was about 23 and 11,

3 respectively. Since phosphatidylglycerol and
phosphatidylethanolamine are synthesized from
CDP-diglyceride via a common intermediate,

l l phosphatidic acid, in E. coli, the ratio of 3H to
0 20 40 60 80 100 '4C in the 1,2-diglyceride moiety of phosphati-

CHASE (min) dylglycerol should be similar to that in phospha-
tidylethanolamine (12, 23, 33). It is difficult to

3. Incorporation of [2-3H]glycerol into lipid- explain how the difference was caused.
pellets during the chase. After phospholipid As the chase proceeded in the presence of

s were extracted from cells treated as de- * * 3 14
in the leeend to Fi. 2. the radioactivitv was L-serine, the ratio of 3H to 14C declined in_. _ ,...... _e, _.. . a LE,. A .,,s^v_ssIs '" O

determined for the lipid-depleted pellets as described
in the text. Symbols: 0, serine supplemented; 0,
serine depleted.

The increase in radioactivity of phosphatidyleth-
anolamine was obtained only in a serine-supple-
mented medium. Phospholipase C was used to
examine the turnover of the acylated glycerol
moiety of phosphatidylglycerol. In the presence
of L-serine, 60%o of the radioactivity in the 1,2-
diglyceride moiety of phosphatidylglycerol was
metabolized within 100 min. About two-thirds of
the acylated glycerol moiety was recovered in
phosphatidylethanolamine, and the remaining
radioactivity was lost from the lipid fraction. In
the absence of L-serine, a small amount of the
acylated glycerol moiety was lost. However, the
fate of this radioactivity was not further exam-
ined.
The turnover of phosphatidylglycerol has

been reported to correlate with the metabolism
of membrane-derived oligosaccharides (37, 39).
To determine whether the radioactivity in phos-
phatidylglycerol was transferred to membrane-
derived oligosaccharides, we examined the ra-
dioactivity of the lipid-depleted pellets
remaining after phospholipids were extracted
from cells. The phosphatidyl moiety of phospha-
tidylglycerol rapidly decreased within the initial
30 min in the presence of L-serine (Fig. 2),
whereas an increase in radioactivity of pellets
including membrane-derived oligosaccharides
was not seen during the initial 20 min (Fig. 3). It
seems unlikely that the turnover of phosphati-
dylglycerol is closely related to the metabolism
of membrane-derived oligosaccharides in this
mutant cell.
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FIG. 4. Pulse-labeling and chase by double labeling

method with [1-14C]acetate and [2-3H]glycerol in E.
coli SerA- KAt. Cells harvested at 50 Klett units were
pulse-labeled with 10 pCi of [1-14C]acetate and 100
pICi of [2-3H]glycerol for 10 min at 37°C in a serine-
depleted medium. Unlabeled acetate and glycerol
were added to dilute the specific activity 1,000-fold.
The chase was initiated in 100 ml of a serine-supple-
mented medium. At various intervals, 10 ml of culture
was removed, and the reaction was terminated at a

final concentration of 5% trichloroacetic acid. Radio-
activity of phospholipids was determined as described
in the text. Values are shown as the ratio of 3H to 14C
in disintegrations per minute. Symbols: 0, phosphati-
dylethanolamine; A, 1,2-diglyceride moiety of phos-
phatidylglycerol.
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phosphatidylethanolamine from 21 to 14. The
decrease in the ratio of 3H to 14C in phospha-
tidylethanolamine presumably results from the
dilution of a slight amount of preexisting phos-
phatidylethanolamine by the phosphatidyletha-
nolamine newly synthesized from phosphatidyl-
glycerol (Fig. 4). The result suggests that the
conversion of phosphatidylglycerol to phospha-
tidylethanolamine proceeded by direct utiliza-
tion of the 1,2-diglyceride moiety of phosphati-
dylglycerol.

Transfer of the [32PJphosphatidyl moiety of
phosphatidylglycerol to phosphatidylethanol-
amine. The transfer of the phosphatidyl moiety
of phosphatidylglycerol to phosphatidylethanol-
amine was also examined by 32p; pulse-labeling.
After pulse-labeling with 32p, in a serine-deplet-
ed and low-phosphate medium, unlabeled inor-
ganic phosphate was added. The chase was
initiated in the absence of L-serine for an initial
period of 15 min, after which L-serine was
added. The increase of radioactivity in phospha-
tidylethanolamine was greater than the decrease
of radioactivity in phosphatidylglycerol in a ser-
ine-supplemented medium (Fig. 5A). This may
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be due to the de novo synthesis of phosphatidyl-
ethanolamine from 3 P-labeled nucleotides.
When the chase was carried out in the presence
of cerulenin and L-serine, no increase in radioac-
tivity in the total phospholipid fractions was
seen (Fig. 5B). However, the radioactivity in
phosphatidylglycerol decreased, and that in
phosphatidylethanolamine increased. The result
indicates a supply of the phosphatidyl moiety
from phosphatidylglycerol to phosphatidyleth-
anolamine.

Analysis of molecular species of phosphatidy-
glycerol and phosphatidylethanolamine during
the chase. As shown in Fig. 2, the acylated
glycerol labeled with [2- H]glycerol from
phosphatidylglycerol was recovered in
phosphatidylethanolamine. A portion of each
sample used in this experiment was used for
molecular species analysis. The molecular spe-
cies of phosphatidylglycerol that showed the
major decrease in radioactivity was the 1-palmi-
toyl-2-palmitoleoyl species (Fig. 6A). Phosphati-
dylethanolamine increased during the initial 40
min (Fig. 6B). When the conversion of phospha-
tidylglycerol to phosphatidylethanolamine

0 20 40 60 80 0 20 40 60 80 100
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FIG. 5. Pulse-labeling and chase with 32Pi in E. coli SerA- KAt. Cells harvested at 50 Klett units were pulse-

labeled with 200 ,uCi of carrier-free 32Pi for 10 min at 37°C in a low-phosphate medium at 1 mM phosphate.
Unlabeled Pi (50 mM) was added to dilute the specific activity 50-fold. The chase was initiated in the absence of
L-serine for 15 min, followed by the addition of L-serine at the time indicated by the arrows. One portion was
chased in 100 ml of a serine-supplemented medium (A), and the other portion was chased in 100 ml of a serine-
supplemented medium containing 200 ,ug of cerulenin per ml (B). At various intervals, 10 ml of culture was
removed, and the reaction was terminated at a final concentration of 5% trichloroacetic acid. Radioactivity of
32P-pthospholipids was determined as described in the text. Symbols: 0, total phospholipids; A,
phosphatidylglycerol; 0, phosphatidylethanolamine; O, cardiolipin; O, phosphatidic acid.
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FIG. 6. Turnover of the molecular species in phosphatidylglycerol and phosphatidylethanolamine. Radioac-

tivity of 3H-phospholipids was analyzed as described in the text. (A) Phosphatidylglycerol; (B)
phosphatidylethanolamine. Symbols: 0, 1-palmitoyl-2-palmitoleoyl; *, 1-palmitoyl-2-cyclopropanized; E, 1l
palmitoyl-2-cis-vaccenoyl; A, 1-cis-vaccenoyl-2-palmitoleoyl; 0, 1-cis-vaccenoyl-2-cis-vaccenoyl.

reached a plateau at 60 min, the change of the 1-
palmitoyl-2-palmitoleoyl species to the 1-palmi-
toyl-2-cyclopropanized species was prominent.
The results indicate that the 1-palmitoyl-2-cis-
9,10-methylene hexadecanoyl species was the
major component of the 1-palmitoyl-2-cylopro-
pamzed species.

Molecular species compositions of phosphati-
dylethanolamine and phosphatidylglycerol (Fig.
7) were similar to those in E. coli K-12 (19).
From the results in Fig. 6B, the 1-palmitoyl-2-
cis-vaccenoyl species was not modified to the
corresponding species containing cyclopropane
fatty acids. Hence, it was possible to compare
the composition of the molecular species of
phosphatidylethanolamine with that of phospha-
tidylglycerol. The proportion of the 1-palmitoyl-
2-cis-vaccenoyl species in phosphatidylglycerol
was about 25% (Fig. 7A), whereas that in phos-
phatidylethanolamine was about 15% (Fig. 7B).
With regard to the proportion of the 1-palmitoyl-
palmitoleoyl plus the 1-palmitoyl-2-cyclopro-
panized species, which was derived from the
former compound during the chase, average
values of about 65 and 78% were obtained in
phosphatidylglycerol (Fig. 7A) and phospha-
tidylethanolamine (Fig. 7B), respectively.

Effects of various substances on the conversion
of phosphatidyiglycerol to phosphatidylethanol-
amine. It has been reported that hydroxylamine

inhibits the reaction of phosphatidylserine de-
carboxylase in vivo (14, 36). To determine the
pathway from phosphatidylglycerol to phospha-
tidylethanolamine in this mutant strain, hydrox-
ylamine was added during the chase to a final
concentration of 10 mM. A proportion of 42.3%
of the total radioactivity in phospholipids was
found in phosphatidylserine. However, the ra-
dioactivity did not increase in phosphatidyleth-
anolamine (Fig. 8). The effects of Ca + on the E.
coli membrane have been well studied. Ca2+-
treated cells have the ability to take up DNA (3,
35). Nonspecific increased permeability of the
outer membrane of E. coli (5) and fusion of lipid
vesicle to the membrane of Salmonella' typhi-
murium (21) have been caused by Ca2+ treat-
ment. Transfer of the radioactivity from phos-
phatidylglycerol to phosphatidylethanolamine
was inhibited by 50 mM CaCl2 (Fig. 9).
Treatment of cells with 0.5 mM EDTA is

known to increase sensitivity toward antibiotics
and lysozyme (16, 28). No effect was shown on
the transfer of the phosphatidyl moiety of phos-
phatidylglycerol to phosphatidylethanolamine at
0.43 and 43 mM (data not shown). If phospholi-
pase were involved in the above-mentioned con-
version, EDTA could be expected to affect the
turnover of phosphatidylglycerol (7, 12, 33).
Hence, participation of phopholipase in this
reaction was unlikely.
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FIG. 7. Compositions of the molecular species in phosphatidylglycerol and phosphatidylethanolamine during

the chase. Determination was carried out as described in the legend to Fig. 6 and in the text. (A)
Phosphatidylglycerol; (B) phosphatidylethanolamine. Symbols: *, 1-palmitoyl-2-palmitoleoyl plus 1-palmitoyl-
2-cyclopropanized. Other symbols are the same as in Fig. 6.

Other chemicals were also examined in vivo.
In the presence of L-serine, sodium azide, sodi-
um cyanide, and 2,4-dinitrophenol inhibited
both the turnover phosphatidylglycerol and the
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FIG. 8. Effect of hydroxylamine on
phosphatidylglycerol and the productic
dylethanolamine. Cells harvested at
were pulse-labeled with 30 ,uCi of [1_14
min at 37°C in a serine-depleted med
acetate was added to dilute the specifi
fold. One portion was removed and ch
a serine-supplemented medium in wh
droxylamine was included at the sta
various intervals, 5 ml of culture was re
reaction was terminated at a final conc
trichloroacetic acid. Radioactivity of
was determined as described in the te;
phosphatidylglycerol; 0, phosphatidyl
phatidylethanolamine; A, cardiolipin.

increase in phosphatidylethanolamine (data not
shown). Chloramphenicol and cerulenin, how-
ever, showed no effect on this reaction (data not
shown).

DISCUSSION
When phosphatidylglycerol was synthesized

in a serine-deficient E. coli strain, SerA- KXt, in
the presence of [1-14C]acetate and [2-3H]glyc-
erol, the acyl chains and glycerols of phosphati-
dylglycerol became labeled. When transferred to
media containing L-serine, rapid turnover of

~o phosphatidylglycerol occurred, and the diglycer-
ide moiety was recovered in phosphatidyletha-
nolamine (Fig. 1A and 2A). The ratio of 3H to
l4C in phosphatidylethanolamine became ap-

j\ proximately equal to that in phosphatidylglyc-
erol during the chase (Fig. 4). Whereas total
radioactivity in the 32P-phospholipid fractions
remained essentially constant during the chase,
the [32P]phosphatidyl moiety of phosphatidyl-
glycerol was recovered in that of phosphatidyl-
ethanolamine in the presence of cerulenin (Fig.

50 60 SB). Thus, the pathway from phosphatidylglyc-
erol to phosphatidylethanolamine probably pro-

the turnover of ceeds via phosphatidic acid in which two acyl
Dn of phosphati- moieties and the acylated glycerol were bound
50 Klett units together. Hydroxylamine has been shown to
'Clacetate for 10 inhibit phosphatidylserine decarboxylase in vivo
lium. Unlabeled (14, 36). More than 40%o of the phospholipid
c activity 1,000- radioactivity was in phosphatidylserine upon
tased in 30 ml of addition of L-serine. This indicates that the
ich 10 mM hy- reactions from phosphatidylglycerol torting point. At phosphatidylethanolamine proceeded via phos-
:entrationd th phatidylserine as an intermediate. Thus, it is
erphospholipids likely that the reactions from phosphatidylglyc-ft. Symbols: * erol to phosphatidylethanolamine progressed se-
serine; 0, phos- quentially as follows: phosphatidylglycerol

-+ phosphatidic acid -+ CDP-diglyceride -*
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FIG. 9. Effect of Ca2" on the turnover of phosphatidylglycerol and the recovery of radioactivity in
phosphatidylethanolamine. Cells harvested at 50 Klett units were pulse-labeled with 20 pLCi of [1-14C]acetate for
10 min at 37°C in a serine-depleted medium. Unlabeled acetate was added to dilute the specific activity 1,000-
fold. The pulsed culture was divided into several portions. In 50 ml of a serine-supplemented medium, CaC12 was
added to the culture at the starting point. At various intervals, 8 ml of culture was removed, and the reaction was
terminated at a final concentration of 5% trichloroacetic acid. Radioactivity was determined as described in the
text. (A) Phosphatidylglycerol; (B) phosphatidylethanolamine. Symbols: (0) 0 mM, (A), 0.2 mM, (0) 2 mM, (A)
10 mM, and (0) 50 mM Ca2+.

phosphatidylserine -* phosphatidylethanol -

amine (12, 33).
The increase in phosphatidylethanolamine did

not proceed independently of the turnover of
phosphatidylglycerol. This was supported by the
following evidence. The turnover of phosphati-
dyiglycerol and production of phosphatidyleth-
anolamine occurred inefficiently during the
chase in the absence of L-serine (Fig. 1B and
2B). Treatment with 50 mM Ca2" or energy
inhibitors, which inhibited the production of
phosphatidylethanolamine in the presence of L-
serine, depressed the turnover of phosphatidyl-
glycerol. Under these conditions, neither phos-
phatidic acid nor diglyceride was detected
during the chase, regardless of the presence or
absence of L-serine (data not shown).
The reactions from phosphatidylglycerol to

phosphatidylethanolamine are indicative of two
pools of phosphatidylglycerol with regard to its
turnover: (i) phosphatidylglycerol that can be
recovered in phosphatidylethanolamine, and (ii)
phosphatidylglycerol that is not recovered in
phosphatidylethanolamine, but is lost from the
lipid fiaction (Fig. 2).
The turnover of phosphatidylglycerol with re-

spect to the phosphatidyl moiety and nonacylat-
ed glycerol moiety has been examined elsewhere
(2,6, 9, 10, 12, 17, 25-27, 29, 31, 33, 37, 39). The
reaction reported here may be related to the
previous reports on the turnover of phosphati-
dylglycerol, as follows.

(i) The nonacylated glycerol of phosphatidyl-
glycerol is exchanged with free glycerol in the
cells (2, 10, 29). It was shown in Fig. 2 that the
radioactivity of nonacylated glycerol of phos-
phatidylglycerol was lost regardless of the pres-
ence of L-serine. The exchange of the polar head
of phosphatidylglycerol with L-serine could not
be involved for the production of phosphatidyl-
ethanolamine, since the composition of molecu-
lar species of the newly formed phosphatidyleth-
anolamine was distinguished from that of
phosphatidylglycerol (Fig. 7). The proportion of
molecular species of phosphatidylethanolamine
was maintained at a constant level and was not
perturbed by the transfer of certain molecular
species from phosphatidylglycerol to phosphati-
dylethanolamine during the chase. The charac-
teristic compositions of molecular species of
phosphatidylglycerol and phosphatidylethanol-
amine suggested that the nonspecific exchange
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of the polar head group between both phospho-
lipids did not take place. However, we cannot
rule out the possibility of an enzymatic reaction
which is selective for molecular species.

(ii) The reaction for the production of mem-
brane-derived oligosaccharides involves the
transfer of the nonacylated sn-glycerol 1-phos-
phate of phosphatidylglycerol. The nonpolar by-
product, 1,2-diglyceride, is recovered in phos-
phatidic acid (34, 37, 39). The radioactivity of
lipid-depleted pellets was analyzed after the
removal of phospholipid fractions. The nonacyl-
ated glycerol of phosphatidylglycerol labeled
with [2-3H]glycerol was not efficiently incorpo-
rated into the lipid-depleted pellets in connec-
tion with the turnover of phosphatidylglycerol
(Fig. 3). This incorporation was not adequate to
correlate the production of phosphatidylethanol-
amine with the metabolism of membrane-de-
rived oligosaccharides.

(iii) It has been reported that phosphatidic
acid is produced from phosphatidylglycerol after
the transfer of nonacylated glycerol to the N-
terminal residue in murein lipoprotein (10, 26,
27). Lipoprotein also does not contribute greatly
to the decrease in phosphatidylglycerol radioac-
tivity. As mentioned above, [2-3H]glycerol was
not efficiently incorporated into the lipid-deplet-
ed pellets under the conditions of our experi-
ment.

(iv) It is possible that the action of hypotheti-
cal phospholipases is responsible for the produc-
tion of 1,2-diglyceride or phosphatidic acid (1,
12, 32, 33, 38). However, the results indicate
that most of the phosphatidylglycerol labeled
during serine limitation was metabolized and
recovered in phosphatidylethanolamine in the
presence of L-serine. In the absence of L-serine,
no increase in 1,2-diglyceride or phosphatidic
acid was detected. Generally, Ca2' is required
for the activity of phospholipases (7). The pro-
duction of phosphatidylethanolamine during the
chase was not activated even if Ca2+ was added
to the medium and was not depressed by treating
cells with EDTA. Treatment with 50 mM Ca2+
was inhibitory to the conversion. The evidence
for the existence of phospholipase C or phos-
pholipase D in E. coli membranes is circumstan-
tial and has not been confirmed (12, 33).
The recovery of the nonpolar moiety with the

concomitant turnover of phosphatidylglycerol is
specific for phosphatidylethanolamine. The evi-
dence that the composition of molecular species
of phosphatidylethanolamine was different from
that of phosphatidylglycerol, and was kept in
constant proportion, may be attributed to the
cellular response for the production of phospha-
tidylethanolamine. Phosphatidylglycerol was se-
lectively synthesized in a serine-depleted medi-
um, whereas phosphatidylethanolamine was not

synthesized. Therefore, the ratio of phosphati-
dylglycerol to phosphatidylethanolamine in E.
coli membrane is different from that under nor-
mal conditions. It appears that the rapid conver-
sion of phosphatidylglycerol to phosphatidyleth-
anolamine is initiated to normalize the
phospholipid composition. It would be interest-
ing to know whether the production of phospha-
tidylethanolamine with the concomitant turn-
over of phosphatidylglycerol can take place
normally in a wild-type E. coli strain.
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