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Mutants of Escherichia coli defective in phosphatidylserine synthetase (pss)
make less phosphatidylethanolamine than normal cells, and they are temperature
sensitive for growth. We have isolated a new mutant, designated RA2021, which
is better than previously available strains in that the residual phosphatidyletha-
nolamine level approaches 25% after 4 h at 420C. The total amount of phospho-
lipid normalized to the density of the culture is about the same in RA2021 (pss-
21) as in the isogenic wild-type RA2000 (pss+). Consequently, there is a net
accumulation of polyglycerophosphatides in the mutant, particularly of cardio-
lipin. The addition of 10 to 20mM MgOl2 to a culture of RA2021 prolongs growth
under nonpermissive conditions and prevents loss of cell viability, but it does not
eliminate the temperature-sensitive phenotype. Divalent cations, like Mg2e, do
not correct the phospholipid composition of the mutant, but may act indirectly
by balancing the negative charges of phosphatidylglycerol and cardiolipin. To
determine the effects of the pss mutation on membrane composition, we have
examined the subcellular distribution of the polyglycerophosphatides that accu-
mulate in these strains. All of the excess anionic lipids of RA2021 are associated
with the envelope fraction and are distributed equally between the inner and
outer membranes. The protein compositions of the isolated membranes do not
differ significantly in the mutant and wild type. The fatty acid composition of
RA2021 is almost the same as wild type at 300C, but there is more palmitic and,
cyclopropane fatty acid at 420C. These results demonstrate that the modificatiori
of the polar lipid composition observed in pss mutants affects both membrane8
and that cardiolipin, which is not ordinarily present in large quantities, can
accumulate in the outer membrane when it is overproduced by the cell. The
altered polar headgroup composition of the outer membrane in pss mutants may
account, in part, for their hypersensitivity to the aminoglycoside antibiotics.

In the past few years, two general approaches
have been developed for modifying the compo-
sition of polar phospholipid headgroups present
in bacterial membranes (3, 22, 27). One strategy
involves the fusion of exogenous lipid vesicles
with deep rough mutants of Salmonella typhi-
murium (7, 8) and Escherichia coli (13), whereas
the other utilizes mutants defective in specific
enzymes of phospholipid biosynthesis (3, 22). As
yet, the effects of such modifications on mem-
brane structure and function have not been stud-
ied extensively because the membrane compo-
sition of the available strains has not been char-
acterized in sufficient detail.
We previously reported that mutants defec-

tive in phosphatidylserine synthetase (pss) are
temperature sensitive for growth (17, 21). At
elevated temperatures these strains make much

less phosphatidylethanolamine than normal
cells (17, 21), and they accumulate polyglycero-
phosphatides, particularly cardiolipin (17, 21).
This is compatible with the accepted pathways
for phospholipid biosynthesis, in which CDP-
diglyceride is a common precursor (3, 22). The
exact ratio of phosphatidylethanolamine to the
polyglycerophosphatides varies with tempera-
ture in the pss mutants, being somewhat closer
to normal at 300C (17, 21).
Mutants in phosphatidylserine synthetase are

hypersensitive to hydrophilic antibiotics, espe-
cially to the aminoglycosides (23). The outer
membrane is thought to provide a passive bar-
rier to these substances (10, 15). The antibiotic
hypersensitivity of the pss mutants, which is
striking at all temperatures but especially so
under nonpermissive conditions, suggests the
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possibility that polar phospholipid headgroups
play an important role in maintaining the barrier
function of the outer gram-negative membrane
(23). Such a hypothesis makes exanination of
outer membrane composition of interest. We
now report that cardiolipin accumulates in both
the inner and outer membranes of the pss mu-
tants. In contrast to the polar headgroups, the
membrane protein compositions of the purified
envelope fractions do not differ significantly in
the mutant and the wild type. The fatty acid
composition of the membrane phospholipids has
also been examined. It is very similar in the
mutant and the wild type at 30°C. However, at
420C there is a marked accumulation of cyclo-
propane fatty acids in the mutant, and the rela-
tive amount of palmitic acid is also increased.
For the present study, we have employed strain
RA2021 (pss-21), a newly isolated mutant that
contains less residual phosphatidylethanolamine
than mutants reported previously (17, 21).

MATERIALS AND METHODS
Materials. [3P]phosphate and Triton X-100 were

purchased from New England Nuclear Corp., Boston,
Mass. Phosphatidylethanolamine labeled with 14C in
the fatty acid chains was prepared from cells that had
been grown in the presence of [1-'4C]acetate, as re-
ported previously (26). NADH was obtained from
Sigma Chemical Co., St. Louis, Mo.

Conditions ofcell growth and labeling. Bacteria
were usually grown on LB broth (14) containing 10 g
of Tryptone (Difco Laboratories, Detroit, Mich.), 5 g
of yeast extract (Difco), and 10 g of NaCl per liter. For
the purpose of prepanrng isolated inner and outer
membranes, the organisms were grown on PPBE broth
(18) consisting of 10 g of proteose peptone no. 3
(Difco), 1 g of beef extract (Difco), and 10 g of NaCl
per liter. The phenotype and lipid composition of the
pss mutant were similar on both media. Uniform la-
beling of the phospholipids was achieved by allowing
the bacteria to grow for about eight generations in the
presence of 'Pi (1 to 2 mCi/ml). The inorganic phos-
phate concentration of LB broth is about 2.5 mM,
whereas that ofPPBE is 1.2 mM. In those experiments
involving a shift of the culture from 30°C to 42°C, the
cells were first uniformly labeled at 30°C and then
shifted with continuous labeling to the nonpermissive
temperature when the optical density of the culture at
550 nm had reached 0.1.
To test the effects of divalent cations on the tem-

perature-sensitive phenotype, the cells were grown
either on LB broth or on a minimal medium containing
20 mM HEPES (N-2-hydroxyethyl piperazine-N'-2-
ethanesulfonic acid, pH 7.5), 0.3 mM potassium phos-
phate, 0.5 to 20 mM MgCl2, 20 mM (NH4)2504, 1 ItM
FeSO4, 0.2 M NaCl, and 0.2% glucose. Thiamine and
required amino acids were added at levels recom-
mended by Miller (14).

Separation of inner and outer membranes. To
separate inner and outer membranes, the method of
Osborn and Munson was employed (18) as described

previously for mutants defective in diglyceride kinase
(26). Cells of strains RA2021 and RA2000 were rather
fragile during spheroplast formation and tended to
lyse spontaneously before the sonication step. How-
ever, this premature lysis did not interfere with sub-
sequent membrane separation by sucrose gradient
centrifugation. The yields of membrane phospholipid
at each step of the separation procedure were com-
parable to those reported for other E. coli strains (18,
26).
Enzyme assays. NADH oxidase was determined

spectrophotometrically (18), and phospholipase A was
measured radiochemically by the method of Nishijima
et al. (16). Phosphatidylserine synthetase was deter-
mined under the conditions described by Raetz and
Kennedy (24).

Lipid extraction. Phospholipids were always ex-
tracted by the method of Ames (1), except that a
phosphate-buffered saline solution was employed for
the aqueous phase (5). The lower CHC13 layer was
washed once with a pre-equilibrated upper (methanol-
water) phase, and insoluble debris was removed from
the CHC13 phase by passage of the extract through a
Pasteur pipette stuffed with glass wool. In small-scale
radiochemical extractions, 0.5 mg of E. coli phospho-
lipid was included as carrier per ml of chloroform (22).
Separation of the individual phospholipid species pres-
ent in the CHC13 phase was accomplished by thin-
layer chromatography, as described previously (21).

Bacterial strains. The experiments reported here
were carried out with the temperature-sensitive strain
RA2021 (HfrH thi pss-21). Both RA2021 and RA2000
(HfrH thi pss') were constructed by Plvir transduc-
tion of AT2471 (HfrH thi tyrA pss') (Table 1) to
tryA+, with pss as the unselected gene. The Plvir
lysate used for this purpose was prepared by standard
methods (14) on strain RA210 (pss-21), which is de-
scribed more fully below and in Table 1.

TABLE 1. Strains of Escherichia coli K-12

Strain Relevant characteristics Source/ref-erence
RA200 F- pss-20 argHl thi-l gal-6 21

lacYI mtl-2 xyl-7 malAI ara-
13 str-9 tonA2 A'; mutation
pss-20 is phenotypically silent

RA210 F- pss-21 argHl, etc.; otherwise This work
same as RA200; temperature-
sensitive derivative of RA200,
which has a second mutation
in the pss gene, designated
pss-21

AT2471 HfrH tyrA thi-l pss+ CGSCa
RA2000 HfrH thi-l pss+; constructed by This work

transduction of AT2471 to
tyrA + with a Plvir lysate
prepared on RA210

RA2021 HfrH thi pss-21 (temperature- This work
sensitive for growth);
constructed by transduction of
AT2471 with a Plvir lysate of
RA210; isogenic with RA2000

RA80 F- nalA pss-8 21

a E. coli Genetic Stock Center, Yale University, New Ha-
ven, Conn.
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The pss-21 mutation has not been reported previ-
ously and is probably in the structural gene for the
phosphatidylserine synthetase. It was found among
200 temperature-sensitive colonies derived from strain
RA200 (Table 1) by mutagenesis with N-methyl-N'-
nitro-N-nitrosoguanidine. The parent (RA200, F- pss-
20) already carries a partially defective synthetase
(pss-20) (21). However, RA200 is not altered in lipid
composition and is not temperature sensitive for
growth (21), since the phosphatidylserine synthetase
of E. coli appears to be present in excess (21, 25). The
specific activity of the synthetase in extracts of RA200
is about 20% of wild type when assayed at 250C (21).
RA210 was identified among the 200 temperature-

sensitive derivatives of RA200 by means of a specific,
rapid mapping technique. For this purpose, we used a
donor organism carrying a hybrid CoIEl plasmid bear-
ing the pss gene (and a few adjacent genes), which can
transfer its hybrid plasmid to an F- pss mutant and
correct the temperature sensitivity of such an orga-
nism (25). The methodology for plasmid transfer, de-
scribed previously (25), allowed us to eliminate 199 of
the 200 possible mutant candidates.
RA210 was then confirmed as a second-step mutant

in the pss gene by direct assay of cell-free extracts (24)
at 250C. This revealed no detectable activity (data not
shown), in contrast to the parent RA200 which con-
tained 20% of the pss+ level (21).

Several lines of evidence strongly support the view
that RA210 (pss-21) is temperature sensitive for
growth because of a second lesion in the pss gene.
First, the temperature sensitivity ofpss-21 cannot be
separated from the synthetase defect (i.e., its complete
absence in vitro) by transduction. Second, upon spon-
taneous reversion of RA2021 to the temperature-re-
sistant state (approximate frequency, 10-s), most of
the colonies regain the synthetase activity present in
the parent RA200 (pss-20). This level of enzyme is
sufficient to permit growth at 420C and normal lipid
synthesis (21). Third, the altered lipid composition
(see below) of strains carrying the pss-21 lesion (i.e.,
RA210 and RA2021) is consistent with a major defect
in the synthetase (Fig. 1) and closely resembles the
single step pss mutation, pss-8, reported previously
(21). However, RA2021 (pss-21) should be more useful
for studies of membrane physiology than RA80 (pss-
8), since RA2021 contains less residual enzymatic ac-
tivity in vitro, and its phospholipid content is altered
more dramatically (Fig. 1). Furthermore, RA2021 does
not revert to a temperature-resistant state as fre-
quently as RA80.

Miscellaneous methods. Protein concentration
was measured by the procedure of Lowry et al. (11).
Methods for liquid scintillation counting and gel elec-
trophoresis of membrane proteins have been reported
elsewhere (9, 19). Fatty acid compositions were deter-
mined by gas chromatography after conversion to
methyl esters (28). Methyl ester standards were pur-
chased from Sigma, and cyclopropane fatty acids were
generously provided by John Law, University of Chi-
cago, Chicago, Ill.

RESULTS
Effect of temperature on the membrane

lipid composition and growth of RA2000

(ps+) and RA2021 (pn8-21). As with two of
the previously reported mutants defective in
phosphatidylserine synthetase, RA2021 is tem-
perature sensitive for growth on a variety of
media, including LB broth (14), PPBE broth
(18), miniimal A salts (14) supplemented with
0.2% glucose, and the minimal HEPES medium
described above. Temperature sensitivity can be
demonstrated for cells growing on agar plates as
well as for shaking cultures. The residual level
ofphosphatidylethanolamine at 420C in RA2021
is lower than in other mutants of this type (17,
21). The headgroup composition of pss+ cells
does not change dramatically after a shift to
420C (Fig. 1A), whereas the phosphatidyletha-
nolamine level of RA2021 falls to about 25%
after 4 h (Fig. 1B). This is accompanied by a
gradual cessation of growth and filamentation
under some conditions (21). The accumulation
of cardiolipin in RA2021 under nonpermissive
conditions is especially striking (Fig. 1B). At
300C, the phosphatidylethanolamine content of
RA2021 is also reduced significantly (Fig. 1),
ranging between 45 and 55%, depending on the
medium. However, the cells are able to tolerate
this perturbation of the membrane composition.
Table 2 shows the total lipid content of
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FIG. 1. Modification of the phospholipid composi-
tion ofRA2000 and RA2021 (pss-2l) after a 8hiftfiom
30 to 42rC. Cells growing in shaking culture at30pC
were shifted to42aC when the absorbance at 550 nm
a 0.1, designated as time zero. Cells were labeled
continuously withe32P, (to 20.Ci/ml) before and after
the shift to nonpermissive conditions. The concentra-
tion ofinorganicphosphate is 2.5mM in this medium.
At the times indicated, a 5- toi0-ml portion of the
culture was withdrawn, and the cells were rapidly
harvested by a 5-mmn centrifugation at 8,(XY) x g.
After suspension in 0.8,ml of saline (5), the phospho-
lipids were extracted fr-om the cells by the method of
Ames (1). However, 0.5 mg of crude E. coli phospho-
lipid was included as carrier per ml of chloroform.
Phospholipids were then separated by thin-layer
chromatography and quantitated radiochemically,
as described previously (21).
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TABLE 2. Phospholipid content ofpss' and pss-21
Acyl eater Phospholipid

Mutant content content (%(runo1/jq of dr Weight)b
protein)'

Expt 1: 30°C
pss+ (RA2000) 0.46 8.0
pss-21 (RA2021) 0.38 6.7

Expt 2: 420Cc
pss+ (RA2000) 0.38 6.7
pss-21 (RA2021) 0.36 6.3

a Each value represents the average of two deter-
minations (29).

b Calculated from the ester content, assuming an
average phospholipid molecular weight of 700. Protein
represents 50% of the dry weight of E. coli (30).

eCells were shifted from 30 to 420C at an absorb-
ance at 550 nm of 0.1. RA2000 was harvested when
the absorbance at 550 nm was 0.7. RA2021 was incu-
bated at 42°C for 3 h, and the absorbance at 550 nm
at harvesting was 0.49.

RA2000 and RA2021 by chemical ester deter-
mination (29) and normnalized to the protein
content of the culture. The slight differences
observed between the mutant and the wild type
are barely significant. Taken together with Fig.
1, these results prove that there is a net accu-
mulation ofpolyglycerophosphatides in RA2021,
particularly of cardiolipin.

Unlike previously reported mutations in the
pss gene (17, 21), the phenotype of the pss-21
lesion cannot be suppressed completely by the
addition of salts or divalent cations to the growth
medium. However, 20 mM MgCl2 added to the
standard LB broth does prolong the growth and
survival of RA2021 at 420C (Fig. 2B). This level
of Mg2e has no effect on the growth of the wild
type (Fig. 2A). Higher or lower levels of Mg2e
are not as effective as 20 mM Mg2e in sparing
the growth of the mutant, and a similar Mg2e
effect can be demonstrated with cells of RA2021
grown on the minimal HEPES medium de-
scribed in Materials and Methods. The prolon-
gation of growth at 42°C observed with Mg2e
(Fig. 2B) cannot be attributed to changes in the
osmolarity or ionic strength of the medium and
must represent a more specific effect, possibly a
neutralization of the excess negative charges in
the mutant membranes. Other multivalent cat-
ions, such as Ca2' and spermidine, closely resem-
ble Mg2e in their effect on RA2021. However,
neither Mg2e nor the other divalent cations cor-
rect the phospholipid headgroup composition of
RA2021 back to that of RA2000.
Isolation of inner and outer membranes.

Membrane fragments were prepared by mild
sonic disruption of spheroplasts and were sepa-

rated by isopycnic sucrose gradient centrifuga-
tion as described in Fig. 3. Experiments were
carried out with cells of RA2000 and RA2021
that either were growing at 300C or had been
shifted to 420C for several hours. The results
shown in Fig. 3 pertain only to cells that had
been shifted to 420C, but very similar results
were also obtained with cells grown at 300C.
As demonstrated in Fig. 3A and 3C, outer

membrane fragments were detected by assay of
phospholipase (16), whereas inner membranes
were located by means of a spectrophotometric
assay for NADH oxidase (18). Satisfactory res-
olution of these enzymes was obtained both with
the mutant and with the wild type, although the
proportion of intermediate, unseparated mem-
brane material was somewhat greater in the
mutant (Fig. 30). As shown in the lower panels
(Fig. 3B and 3D), the membranes ofRA2000 and
RA2021 were resolved into two major peaks of
phospholipid-containing material, correspond-
ing to the peaks of the marker enzymes (cf. Fig.
3A with 3B, and 3C with 3D). The phospholipid
material was detected radiochemically, since the
cells had been grown for many generations in
the presence of 'Pi before the membrane isola-
tion. Recoveries of lipid and marker enzymes
from the gradients were about the same for
RA2000 and RA2021, varying between 50 and
70% relative to the cell-free extracts. The specific
activities of NADH oxidase and phospholipase
A were comparable in both strains. The inner
and the outer membranes of RA2000 and
RA2021 floated at about the same respective
densities (cf. Fig. 3B and Fig. 3D) and had
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FIG. 2. Effect of MgC12 on the growth of RA2000
(pss+) and RA2021 (pss-21) at 30 and 420C. Cells
growing on LB broth at 30°C were shifted to 42°C at
time zero. The optical density at the time of the shift
was 0.08 to 0.1. To observe continued exponential
growth in the case of the wild type (and RA2021 plus
MgC12), we intermittently diluted the cultures to
maintain an absorbance at 550 nm between 0.05 and
0.8. Thus, above a density of 0.8, the absorbance at
550 nm shown in figure represents the total growth
yield and not the actual density of the culture.

*pl.s 20MMgCIt
S tFoAdd.ieo

s/Ift to 42C shf

o p1.s 20.t Mg CIt
v Not At4iliez

to 42 C

VOL. 139, 1979



548 RAETZ ET AL.

I 420/\M,

S..et~
or0
E
2

0

0-
,i

BOTTOM

8 OUTER

6 .

INNER

4

0 aSO Z 2
10 15 D0 25 30O 5

fRACTION NUMBER

FIG. 3. Separation ofinner and outer membrane from RA2000 (pss+) and RA2021 (pss-21). A culture of200
ml ofcells, growing on PPBE, was continuously labeled with 32Pi (2 to 4 uCi/ml). At an absorbance at 550 nm
- 0.15, the cells were shifted to 42'C. The wild-type cells were harvested by centrifugation (10 min, 5,000 x g)
when the absorbance at 550 had reached 0.& The mutant was allowed to grow for 3 h, and the final
absorbance at 550 was about 0.6. The cells were then treated with lysozyme and EDTA and disrupted by mild
sonic oscillation, as described elsewhere (18, 26). The membranes were washed and separated by isopycnic
sucrose gradient sedimentation, using the method of Osborn and Munson (18, 26). Briefly, a sample of
membranes (0.8 ml) was layered on top of a six-step sucrose gradient, the bottom of which contained 55%
sucrose (wt/wt) qnd the top of which was 30% sucrose (wt/wt). The gradients were centrifuged for 14 to 16 h
at 36,500 rpm, using a Beckman SW41 Ti rotor at 2°C. Fractions of about 0.4 ml each were collected. A and
B show the distribution of marker enzymes and lipids, respectively, for a gradient separation of membranes
obtained from RA20X), whereas C and D show similar results for the membranes of RA2021. The number of
fractions collected was not sufficient to resolve the inner membrane into the L, and L2 subfractions (18).

similar lipid-to-protein ratios. This is consistent
with the results in Table 2, which demonstrates
that there is little difference in the lipid-to-pro-
tein ratios of whole cells of mutant and wild
type.
Phospholipid composition of isolated in-

ner and outer membranes. Table 3 shows the
polar headgroup compositions of the phospho-
lipids extracted from the peak fractions of the
isolated inner and outer membranes (Fig. 3). In
experiment 1 (Table 3), the cells were grown to
late-log phase at 300C, whereas in experiment 2
the cells were incubated for 3 h at 420C, as in
Fig. 3. In all instances, the phospholipid com-
position of the isolated membranes (Table 3)
represents an average of the four peak fractions
(see Fig. 3). Accumulation of cardiolipin is ob-
served both in the inner and in the outer mem-
branes (Table 3). The relative buildup of cardi-
olipin is most pronounced in the outer mem-
brane, representing about a 10-fold excess over
the wild type. After 3 h at 42°C in PPBE broth,
cardiolipin constitutes about 30% of the outer-
membrane phosphoglyceride in RA2021. The
amount of phosphatidylglycerol does not in-
crease as dramatically. In general, a slightly
higher percentage of phosphatidylethanolamine

is always present in the outer membrane, (Table
3, experiments 1 and 2). This is -in agreement
with other studies of the lipid composition of
wild-type E. coli K-12 (12, 26).
Other properties of isolated membranes.

The peaks from the gradients of Fig. 3 were

analyzed for their protein composition by poly-
acrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate (12). No striking differ-
ences in the major proteins of the isolated mem-
branes could be observed by visual comparison
of stained polyacrylamide gels (data not shown).
Furthermore, sensitive two-dimensional thin-
layer chromatography (M. Nishijima and C. R.
H. Raetz, J. Biol. Chem., manuscript in prepa-
ration) of the phospholipids of RA2021 did not
reveal any appreciable differences in the amount
of minor lipid intermediates.
Table 4 shows the fatty acid compositions of

the unfractionated phospholipids ofRA2000 and
RA2021 grown at various temperatures. At 300C,
there is little difference in the fatty acids, despite
the twofold increase in the polyglycerophospha-
tide content of RA2021. However, at 420C, the
mutant contains much more of cyclopropane
fatty acid than wild type, and the amount of
palmitic acid is also consistently higher.
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TABLE 3. Phospholipid composition of outer and
inner membranes isolated from RA2000 (pss+) and

RA2021 (pss-21)

Strain and mem- % of total :r2pa
brane PE PG CL Other

Expt 1: 30'Cb
RA2000, outer 82.5 11.8 0.6 5.1
RA2000, inner 67.3 28.3 2.7 1.7
RA2021, outer 69.1 21.6 6.7 2.6
RA2021, inner 52.7 28.6 16.9 1.8

Expt 1: 420Cb
RA2000, outer 78.8 16.2 2.8 2.2
RA2000, inner 59.4 33.4 5.8 1.4
RA2021, outer 49.8 18.9 29.6 1.7
RA2021, inner 39.3 33.3 26.4 1.0
a Each determination represents the average of the

four peak fractions (Fig. 3). Other lipids include lyso-
phosphatidylethanolamine and several minor, uniden-
tified species. The standard deviation on each value is
approximately ±2%. PE, Phosphatidylethanolamine;
PG, phosphatidyglycerol; CL, cardiolipin.

bIn this experiment, cells were grown on PPBE
broth (18) instead of LB broth (14). RA2000 and
RA2021 were harvested after incubation at 420C as

described in Table 2.

TABLE 4. Fatty acid composition of the total
cellular phospholipid fraction as a function of

growth temperaturea

% of totalC

Fatty RA2000 (pss+) RA2021 (pss-21)
300C 370C 420C 300C 370C 420C

14:0 3 2 2 2 2 3
16:0 27 29 30 30 34 37
16:1 35 32 27 30 28 20
17:A 1 2 7 2 8 17
18:0 1 1 1 1 1 -

18:1 32 33 32 34 28 20
Other 1 1 1 1 - 3

'At 30 and 370C, cells were grown into late-log
phase on LB broth (absorbance at 550 nm = 0.6 to
0.8). The values given for 420C were obtained by
shifting the cells to this temperature for 3 h, as in Fig.
1.

bAcids are designated as follows: 14:0, myristic acid;
16:0, palmitic acid; 16:1, palmitoleic acid; 17:A, cis-9,10-
methylenehexadecanoic acid; 18:0, stearic acid; 18:1,
cis-vaccenic acid. Other species include lauric acid and
lactobacillic acids.

Values indicate the average of two determinations.
Precision is approximately +1%. -, None detected.

Table 5 presents the fatty acid composition of
phosphatidylethanolamine, phosphatidylglyc-
erol, and cardiolipin, isolated from cultures of
RA2000 and RA2021, which were shifted to 42°C

TABLE 5. Fatty acid composition of total and
separated phospholipids at 420Ca

% of total'

Fatty RA2000 (Pss') RA2021 (pss-21)
acid

'

Total PE PG CL Total PE PG CL

12:0 0.2 0.1 - - 0.4 0.1 - -
14:0 1.6 1.8 1.0 - 2.7 2.5 1.7 1.8
16:0 29.6 30.9 28.1 28.3 36.5 35.8 38.3 37.5
16:1 27.5 27.7 25.4 22.1 19.7 15.7 19.6 20.8
17:A 6.7 8.0 3.0 2.8 16.7 23.9 16.1 14.1
18:0 0.8 0.6 0.9 1.7 - - - -
18:1 32.2 29.8 40.9 45.1 19.7 17.3 20.0 21.5
19:A 0.5 0.5 0.6 - 3.0 3.0 3.4 3.2

a Cells were grown for 3 h at 42°C as described in Fig. 1 and
Table 4.

hDesignations and abbreviations as in Tables 3 and 4,
except that 12:0 designates lauric acid and 19:A designates
lactobacillic acid. In each column an additional 1 to 2% was
unidentified.

c-, None detected.

for 3 h (Fig. 1). The fatty acid composition of
phosphatidylethanolamine differs from that of
phosphatidylglycerol and cardiolipin in that it
contains less cis-vaccenate. All of the separated
lipids from the mutant are characterized by a
striking accumulation of the cyclopropane deriv-
atives of palnitoleate and cis-vaccenate, and
there is a higher percentage of palmitate relative
to that found in wild type.

DISCUSSION
The phospholipids of all biological mem-

branes are a heterogeneous class of molecules,
differing not only with regard to their polar
headgroups but also with respect to their fatty
acid substituents (3, 4, 22, 27). The functional
significance of this structural diversity, particu-
larly the role of the polar headgroups, remains
largely unexplained (3, 22, 27).

Modification of the membrane lipid composi-
tion by genetic methods affords a powerful and
relatively unexploited approach to this problem
(3, 22). At the very least, those structural fea-
tures which are essential or nonessential for cell
growth may be identified. For instance, in E.
coli some saturated and some unsaturated (i.e.,
fluid) hydrocarbon moieties are required at all
temperatures, and the ratio of zwitterionic to
anionic polar headgroups cannot be varied by
more than a factor of two in either direction
without disturbing cell growth (22). On the other
hand, cardiolipin appears to be nonessential un-
der ordinary conditions (20). These generaliza-
tions are based on recent genetic studies (3, 22)
and will be refined as additional methods for the
perturbation of the membrane lipid composition
become available.
The effects of compositional modifications on
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specific membrane functions, such as active
transport, ATP generation, or 02 consumption,
have not been investigated systematically in mu-
tants with altered polar headgroup synthesis. As
a first step in this direction, it is necessary to
determine the composition of the inner and
outer membranes isolated from these mutants,
since each membrane carries out a unique set of
functions.

In the present work we have demonstrated
that the reduction of the phosphatidylethanol-
amine level in RA2021 (pss-21) is accompanied
by a net increase in the polyglycerophosphatide
content, especially in cardiolipin. The absolute
amount of phospholipid normalized to the total
cellular protein concentration remains about the
same (Table 2), and the buoyant density of the
isolated inner and outer membranes does not
differ greatly in the mutant and the wild type
(Fig. 3). All of the excess polyglycerophospha-
tide of RA2021 appears to be associated with the
membrane fraction and is not sequestered else-
where within the cell.
The substantial accumulation of cardiolipin in

the outer as well as the inner membrane is
compatible with the view that certain phospho-
lipids can move freely between the two mem-
branes, whereas proteins and lipopolysaccharide
are restricted to one site or the other (7, 8, 22).
However, the biosynthesis of phospholipids oc-
curs on the inner membrane, presumably on its
cytoplasmic surface (2, 31). The notion of unre-
stricted mobility of certain phospholipids be-
tween the two membranes was first advanced by
Jones and Osborn (7, 8), who observed that
phospholipids could be fused with the outer
membrane of deep rough mutants of S. typhi-
murium and subsequently could be recovered in
both membranes. However, fusion studies may
not accurately reflect normal cellular events,
since some lipids are taken up and assembled
into nonphysiological membrane-like structures,
which coil up within the interior of the cell (13).
The distribution of unusual lipids which build

up in various mutants has not been studied in
detail. Strains defective in phosphatidylserine
decarboxylase contain large amounts of phos-
phatidylserine (6), which resembles cardiolipin
in that it is recovered in both membrane frac-
tions (E. Hawrot and E. P. Kennedy, personal
communication). In contrast, the 1,2-diglyceride,
which accumulates in mutants lacking diglycer-
ide kinase, is predominantly associated with the
inner membrane (26). Perhaps the mechan-
ism(s) responsible for lipid translocation be-
tween the membranes does not recognize diglyc-
eride molecules. In this regard it would be of
interest to examine the distribution of phospha-
tidic acid, which accumulates in strains lacking

CDP-diglyceride synthetase (B. R. Ganong et
al., Fed. Proc. 38:471, 1979). An in vitro system
capable of lipid translocation between the two
membranes would also be very helpful. It should
be noted that the conditions of membrane sep-
aration described by Osborn and co-workers ap-
pear to cause little (if any) rearrangement of
membrane lipids and proteins (18, 26).
At 300C, the amount of anionic phospholipid

in RA2021 is about two times greater than in
isogenic wild-type strains. However, the fatty
acid composition (Table 4) and the membrane
protein profile (not shown) do not differ appre-
ciably. Furthermore, the chromatographic prop-
erties of the lipopolysaccharide of the pss mu-
tants is not altered in cells grown at 300C (23).
Consequently, it is possible that the striking
antibiotic hypersensitivity of mutants such as
RA2021 (23), which is observed at 300C as well
as higher temperatures, is somehow related to
the change in polar headgroup composition. The
outer membrane of E. coli is a passive barrier to
substances ofintermediate molecular weight and
thus confers considerable resistance to certain
hydrophilic antibiotics, such as the aminoglyco-
sides (10, 15). The observation (Table 3) that
the cardiolipin content of the outer membrane
is increased 10-fold relative to wild type at both
300C and 420C makes it necessary to consider
the possibility that a proper balance of polar
headgroups is essential for the maintenance of
the outer-membrane permeability barrier.

Unlike the results obtained at 300C, the fatty
acid composition of RA2021 (pss-21) differs
from that of RA2000 (pss') when the cells are
shifted to 420C for 3 h. This perturbation of the
hydrocarbon moieties must be considered in any
future studies of membrane function. It might
be desirable to combine the pss mutation with
certain lesions in fatty acid synthesis (3, 27), to
prevent the changes in fatty acid distribution
that seem to accompany the polar headgroup
alterations under nonpermissive conditions. Al-
though other explanations are possible, the ef-
fects observed in Table 5 suggest that the pss
lesion causes an inhibition both ofthe elongation
and of the unsaturation of the hydrocarbon
chains, since the mutant contains more palmi-
tate and less cis-vaccenate than the wild type.
Furthermore, there is a striking accumulation of
the cyclopropane derivatives ofpalmitoleate and
cis-vaccenate in RA2021 at 420C.
The results of Fig. 2 demonstrate that Mg2+

ions significantly stimulate the growth of
RA2021, especially at 420C. Since the MgCl2
promotes the growth without correcting the
phospholipid composition, it must act indirectly.
This might occur through the binding of the
divalent cations to the excess negative polar
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headgroups that accumulate in RA2021. In any
case, the Mg2+ stimulation shown in Fig. 2 can-
not be attributed to effects on osmolarity or
ionic strength. The finding that Mg2` prevents
loss of cell viability at 420C while permitting a
dramatic reduction in the phosphatidylethanol-
amine content should be useful for certain phys-
iological studies ofthe role of polar phospholipid
headgroups in membrane function. In this re-
gard, it should be noted that the specific role of
phosphatidylethanolamine in the membrane is
unknown, and it is uncertain whether the lack
of phosphatidylethanolamine or the excess of
polyglycerophosphatides (or both) contribute to
the temperature-sensitive phenotype ofRA2021.
The prolongation of growth at 420C by Mg2'
indicates that the excess of polyglycerophospha-
tides may be an important factor.
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