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A phospholipase A, activity that hydrolyzed cardiolipin to triacyl- and diacyl-
lysocardiolipin was localized in outer membrane preparations derived from
Acinetobacter sp. HO1-N. The specific activity of the enzyme derived from
hexadecane-grown cells was 2.5 to 3 times higher than that derived from NBYE-
grown cells. An apparent Km of 2.22 mM was determined, although inhibition
kinetics resulted at the higher cardiolipin substrate concentrations. Optimal
reaction conditions established no metal requirements. Enzyme activity was
obligately dependent on Triton X-100 (0.5%) and was inhibited by cationic and
anionic detergents. Cardiolipin-specific phospholipase D converted triacyl-lyso-
cardiolipin to lysophosphatidylglycerol and phosphatidic acid. The specific activ-
ity of this enzyme was approximately 100 times greater than that reported for
other membrane preparations derived from microorganisms.

Although information is available concern-
ing the enzymatic synthesis of bacterial phos-
pholipids (7, 25), phospholipid catabolism re-
mains less well resolved. Such catabolic reac-
tions may be involved in cellular phospholipid
metabolism; however, in vivo experiments
have yet to establish a role for these processes
(7, 9, 25). Various phospholipases have been
demonstrated in cell-free preparations from
several bacteria and subjected to varying de-
grees of characterization. This study details the
occurrence and characterization of a highly ac-
tive outer membrane phospholipase A from
Acinetobacter sp. HO1-N which hydrolyzed car-
diolipin (CL) to lysocardiolipin. The occurrence
of triacyl-lysocardiolipin (triacyl-LCL) as a nor-
mal phospholipid constituent of Acinetobacter
sp. HO1-N was reported previously (22).

MATERIALS AND METHODS
The bacterial strain Acinetobacter sp. H01-N and

the culture conditions on hexadecane and nutrient
broth-yeast extract (NBYE) have been described
previously (19). Methods for the extraction and puri-
fication of cellular phospholipids as well as prepara-
tion of radioactive phospholipids by growth in the
presence of [2-3H]glycerol or [32P]orthophosphate
have been reported (22).

Thin-layer chromatography. Methods used for
thin-layer chromatography (TLC) have been de-
scribed (22). Development of TLC plates was in the
following solvent systems: (i) solvent A, chloroform-
methanol-water (65:25:4, vol/vol); (ii) solvent B,
chloroform-methanol-water (95:35:5, vol/vol) used
with sodium borate-impregnated Silica Gel H
plates; (iii) solvent C, chloroform-methanol-5 M am-

monium hydroxide (65:30:5, vol/vol); (iv) solvent D,
chloroform-methanol-acetic acid (65:28:8, vol/vol).
Total lipids were visualized with iodine vapors, and
phospholipids were visualized with the lipid phos-
phate spray reagent of Dittmer and Lester (5).
Gas chromatography. Phospholipid fatty acids

were transmethylated and analyzed by gas chroma-
tography as described (12).

Pancreatic lipase treatment. The conditions for
hydrolysis of CL by porcine pancreatic lipase (Sigma
type VI, Sigma Chemical Co., St. Louis, Mo.) were
identical to those described previously (22).

CL-specific phospholipase D treatment. Methods
used for the preparation and assay ofHaemophilus
parainfluenzae CL-specific phospholipase D were de-
scribed previously (22). [3H]triacyl-LCL substrate
was prepared by treating [3H]CL with Acinetobacter
sp. H01-N outer membrane preparations using
phospholipase A assay conditions scaled up 10-fold.

Preparation of membranes. Membranes were
prepared by lysozyme treatment of washed cells as
previously described (19). The separation of outer
and cytoplasmic membranes was accomplished by
repeated differential centrifugation. The crude
membrane preparation was diluted in phosphate
buffer (50 mM, pH 7.5) and centrifuged at 34,850 x g
for 1 min to sediment the cytoplasmic membranes.
The supematant was centrifuged at 65,000 x g for 2
h to sediment the outer membrane. Membranes
were washed two times and suspended in a small
volume of phosphate buffer. This procedure yielded
isolated membrane fractions with less than 10%
cross-contamination as judged by chemical and en-
zymatic markers (19).

In hexadecane-grown cells, membrane fractiona-
tion was, in some cases, accomplished by discontin-
uous sucrose gradient density centrifugation of
crude membrane preparations (19).
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Phospholipae assay. The standard incubation
mixture for the detection ofphospholipase A activity
against CL contained, in a final volume of 100 ul: 50
nmol of [3H]CL (300 to 350 cpm per nmol), 0.5%
Triton X-100, 0.1 M tris(hydroxymethyl)amino-
methane (Tris)-maleate buffer, and membrane sus-
pension (15 to 20 tg of protein). The pH of the Tris-
maleate buffer was 6.0 with membrane from NBYE-
grown cells and 7.0 with membrane from hexa-
decane-grown cells. The reaction was initiated by
the addition of membrane suspension. Blanks con-
tained no membrane or heat-treated (100°C, 2 min)
membrane. All assays were done in duplicate and
incubated at 37°C for 10 min with shaking. The re-
action was stopped by the addition of 1.5 ml of
chloroform-methanol (2:1, vol/vol) with rapid mix-
ing. After 5 min at room temperature, the extract
was washed with 0.4 ml of 0.9% NaCl, and the mix-
ture was chilled in an ice bath. Separation of phases
was accomplished by centrifugation (2,000 x g for 5
min). The aqueous layer was carefully removed and
discarded. The chloroform layer was washed a sec-
ond time and evaporated to dryness. Unlabeled
triacyl-LCL and diacyl-LCL carriers were added,
and the entire sample was analyzed on a Silica Gel
G thin-layer plate in solvent system C. Lipids were
visualized with iodine vapors, and those areas cor-
responding to the lysocardiolipins were transferred
to scintillation vials, followed by the addition of 1
ml of methanol-water (2:1, vol/vol) and 10 ml of
scintillation fluid containing 33% Triton X-100 (1).
Radioactivity was determined in a liquid scintilla-
tion spectrophotometer (Nuclear-Chicago Mark II).
The recovery of triacyl-LCL and diacyl-LCL under
these conditions was 91 and 87%, respectively, as
determined by the addition of radioactive triacyl-
LCL and diacyl-LCL to duplicate assays containing
unlabeled CL and heat-inactivated membranes.
Specific activity of the phospholipase A activity
against CL (CL phospholipase) was defined as the
total nanomoles of lysocardiolipin formed per min-
ute per milligram of membrane protein. Total lyso-
cardiolipin is the sum of triacyl-LCL and diacyl-
LCL.

Protein determination. Protein was estimated by
the method of Lowry et al. (10), using bovine serum
albumin as the standard.

RESULTS
The enzymatic origin of lysocardiolipin was

demonstrated initially in outer membrane
preparations of Acinetobacter sp. HO1-N.
[3H]CL was degraded to two products during
the phospholipase reaction, with conditions as
described in Materials and Methods. When the
products from large-scale reactions were puri-
fied from silica gel TLC plates, the major prod-
uct was identified as triacyl-LCL by co-chroma-
tography with authentic triacyl-LCL derived
from Acinetobacter (22) in solvent systems A,
B, C, and D. The minor product was identified
as diacyl-LCL (22). The conversion to water-
soluble products was negligible even when the
assay period was extended to 60 min.

Characteristics of CL phospholipase. CL
phospholipase was localized in the outer mem-
brane of Acinetobacter sp. H01-N (Table 1).
The activity observed in the cytoplasmic mem-
brane and in band 1 represented cross-contami-
nation with the outer membrane. The product
generated by the action of CL phospholipase on
CL was, however, distributed in all membrane
fractions (22).
The optimal conditions for the assay of CL

phospholipase were determined with outer
membrane preparations derived from hexadec-
ane- and NBYE-grown cells. A pH optimum of
7 for CL phospholipase was obtained from hexa-
decane-grown cells as contrasted to pH 6.0 for
NBYE-grown cells (Fig. 1). Triton X-100 con-
centration was essentially identical for CL
phospholipase derived from hexadecane- and
NBYE-grown cells (Fig. 2). The respective en-

TABLE 1. Di8tribution of CL phospholipase activity
in membrane fractions derived from Acinetobacter

sp. HO1-N

nmol of lysocardioli-
pin formed/min per

Membrane fractiona mg

NBYE Hexadec-ane

Band 1 0.46
Cytoplasmic membrane 2.6 6.4
Outer membrane 27.8 70.68
a Band 1 is a low-density membrane isolated from

hexadecane-grown cells (19).
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FIG. 1. Hydrolysis ofCL by outer membraneprep-
arations from hexadecane- andNBYE-grown cells as
a function ofpH. The amounts of membrane protein
were 15 and 14.8 pg, respectively. Buffers (01 M
final concentration) were sodium acetate, pH 5.0;
Tris-maleate, pH 6.0, 6.5 and 7.0; Tris-hydrochlo-
ride, pH 8.0; glycine-sodium hydroxide, pH 9.0.
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FIG. 2. Effect ofTriton X-100 concentration on the
hydrolysis of CL by outer membrane preparations
from hexadecane- and NBYE-grown cells (16 and
14.8 pg, respectively). Assays were performed under
optimum conditions for each membrane preparation
except that the Triton X-100 concentration was var-
ied.

zyme preparations were obligately dependent
upon Triton X-100, showing maximal activity
at 0.5% final concentration. The sonication of
CL into aqueous suspension did not alter the
requirement for detergent. Enzyme activity
was linear to 15 ,ug of membrane protein (Fig.
3A). In time course studies, enzyme activity
decreased approximately 12% after 5 min of
incubation (Fig. 3B). Incubations were rou-
tinely timed for 10 min to obtain significant
radioactivity in the products. The specific activ-
ity of CL phospholipase derived from hexadec-
ane-grown cells was routinely 2.5 to 3 times
higher than that derived from NBYE-grown
cells. A Lineweaver-Burk plot for activity with
varying CL concentrations as well as the Mi-
chaelis-Menten plot showed that CL at high
concentrations inhibited CL phospholipase
(Fig. 4). The apparent Km value for CL ob-
tained from extrapolation of the Lineweaver-
Burk plot was 2.22 mM.
Table 2 shows the effect of various treat-

ments on the specific activity of CL phospholi-
pase. The addition of calcium ion (5 mM) rou-
tinely inhibited the enzyme by 8 to 10%. Ethyl-
enediaminetetraacetic acid exhibited no effect
on the enzyme at concentrations up to 1 mM.
Assays performed at 25 and 450C significantly
decreased the enzyme activity, whereas prein-
cubation at 100°C for 2 min completely inacti-
vated the enzyme. In addition, CL phospholi-
pase was inactive in the presence of 0.1% so-
dium dodecyl sulfate, 0.25% sodium deoxycho-
late, 0.1% hexadecyltrimethylammonium bro-
mide, or 10% methanol.

Specificity of CL phospholipase. The ratio

of C,6.:o to C1,6:l fatty acids in CL purified from
hexadecane-grown cells was 1.063. This CL was
treated separately with pancreatic lipase (spe-
cific for the 1-acyl chain of phospholipids [4])
and with CL phospholipase. The free fatty acids
released were extracted and purified by TLC in
solvent system F (22), methylated, and ana-
lyzed by gas chromatography. The ratios of
C16:0 to C16:i fatty acids released by pancreatic
lipase and CL phospholipase were identical
(Table 3), indicating phospholipase A1 activity.
Triolein (0.1 umol) was not hydrolyzed in 1 h
under standard assay conditions as judged by
TLC.

Hydrolysis of triacyl-LCL by phospholipase
D. CL phospholipase was incubated with CL
under optimal conditions and the product, tria-
cyl-LCL, was isolated and purified by TLC.
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FIG. 3. Rate of CL hydrolysis as a function of
protein concentration (A) and time (B). (A) Effect of
increasing outer membrane protein concentrations on
the rate ofCL hydrolysis by outer membrane derived
from both hexadecane- and NBYE-grown cells. (B)
Time course for thehydrolysis ofCL by outer mem-
brane. from hexadecane-grown cells (16 pg of mem-
brane protein).
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Incubation of this triacyl-LCL with CL-specific
phospholipase D yielded lysophosphatidylgly-
cerol and phosphatidic acid.

DISCUSSION
Phospholipase A activity associated with the

outer membrane of Acinetobacter sp. HO1-N
formed triacyl-LCL and, to a lesser extent, dia-
cyl-LCL from CL. Optimal reaction conditions
were similar for CL phospholipase derived from
NBYE-grown cells and hexadecane-grown
cells, although the latter exhibited 2.5 to 3
times greater specific activities. The CL phos-
pholipase of Acinetobacter was similar to the
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FIG. 4. Lineweaver-Burk plot of CL phospholi-
pase as a function of varying CL concentrations.
(Insert) Michaelis-Menten plot for these data. Outer
membrane (11.6 pg) from hexadecane-grown cells
was used.

phospholipase A, purified from Bacillus mega-
terium spores (16) with respect to pH optimum,
heat inactivation, and response to calcium, eth-
ylenediaminetetraacetic acid, and sodium dode-
cyl sulfate. However, the spore phospholipase
was obtained in soluble form using carbonate
buffer (pH 10.9). CL phospholipase was dissimi-
lar to the membrane-bound phospholipase pre-
viously described for E. coli (1, 6, 18), B. sub-
tilis (8), and Mycobacterium phlei (13, 14), all of
which required calcium and were heat stable.
Acinetobacter sp. HO1-N CL phospholipase was
unusual in that a high concentration of deter-
gent (0.5% Triton X-100) was required for opti-
mal activity. Optically clear suspensions ofsub-
strate were obtained at much lower concentra-
tions of detergent. Higher detergent concentra-
tions may be partially solubilizing the phospho-
lipase and thus increasing its activity.
Positional specificity has not been defini-

tively determined owing to difficulties in ob-
taining specifically labeled CL. However, com-
parison of the fatty acids released by CL phos-
pholipase A with those released by pancreatic

TABLE 3. Distribution of fatty acids released from
CLa by pancreatic lipase and CL phospholipase

Enzyme Fatty acid C16:/Ci6:1

CL phospholipase
C16:0 2:00 1.775
C16:1 1.55

Pancreatic lipase
C16:0 2.33 1.8095
C16:1 1.755

a CL was purified from hexadecane-grown cells
and found to have a C16:0/C16:1 ratio of 1.0625.

TABLE 2. Effect of various treatments on the specific activity of outer membrane CL phospholipase derived
from hexadecane- and NBYE-grown cells

Hexadecane NBYE
Treatment (nmol/min % (nmol/min %

per mg) per mg)

Completea 82.00 100 30.36 100
Minus Triton X-100 0.43 0.52 0.17 0.56
Plus 5 mM CaCl12 76.07 92.77 27.23 89.7
Plus 1 mM ethylenediaminetetraacetic acid 80.69 98.40 NDb
250C 20.17 24.6 ND
450C 39.85 48.6 ND
Preincubation at 1000C for 2 min 0.00 0.00 0.00 0.00
Sodium dodecyl sulfate (0.1%) 0.00 0.00 ND
Sodium deoxychoblate (0.25%) 0.00 0.00 ND
Hexadecyltrimethylammonium bromide (0.1%) 0.00 0.00 ND
Methanol (10%) 0.00 0.00 0.00 0.00

a [32P]CL, 80 nmol; Triton X-100, 0.5%; Tris-maleate, pH 7.0 (hexadecane), or Tris-maleate, pH 6.0
(NBYE), 100 mM; outer membrane protein, 10 ,ug. Incubation was at 37°C for 10 min.

° ND, Not determined.
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lipase (Table 3) indicate specificity for the 1-
acyl chain. The structure of cellular triacyl-
LCL (22) also indicated 1-acyl hydrolysis. CL
phospholipase is thus identified as a phospholi-
pase A,.
The two "ends" of the CL molecule are re-

ported as nonequivalent (15) and exhibit differ-
ent metabolic turnover rates in H. parainflu-
enzae (23), E. coli (3), and Staphylococcus au-
reus (21). The specificity of CL-specific phos-
pholipase D for the bond between phosphate
and C3' of the central glycerol of CL (2) was
extended to include triacyl-LCL. The hydroly-
sis of triacyl-LCL by CL-specific phospholipase
D yielded oily lysophosphatidylglycerol and
phosphatidic acid, indicating that triacyl-LCL
was formed by the preferential hydrolysis ofthe
1-acyl chain of CL, as indicated in Fig. 5. The
preferential hydrolysis exhibited by CL phos-
pholipase A, further substantiates the nonequi-
valent nature of the two "ends" of CL. CL phos-
pholipase A, does not appear to be absolutely
specific for the 1-acyl chain since diacyl-LCL is
also formed in vitro, although to a much lesser
extent. It is possible that diacyl-LCL was

formed by a lysophospholipase in the outer
membrane.

In general, CL is not rapidly degraded by
membrane-associated phospholipase A. Ono
and Nojima (14) reported a CL-hydrolyzing ac-
tivity in the membrane fraction of Mycobacte-
rium phlei which yielded 1,3-di-O-(glyceryl-
phosphoryl)glycerol in extended (20-h) incuba-
tion periods. A stepwise removal of fatty acids
was postulated. In a latter study (13), phospho-
lipase A was purified approximately 500-fold
from M. phlei membranes which deacylated
neutral and acidic phospholipids at comparable
rates. This preparation also contained a non-

specific lysophospholipase. A phospholipase A
activity in the outer membrane of Neisseria
gonorrhoeae hydrolyzed CL to LCL at a rate
that was 50% that of phosphatidylethanola-
mine hydrolysis (20). CL was hydrolyzed at a
low rate by particulate preparations from E.
coli (1, 6, 18); however, purifiedE. coli phospho-
lipase A, (18) hydrolyzed phosphatidylethanol-
amine, phosphatidylglycerol, and CL at compa-
rable rates in the presence ofTriton X-100. The
specific activity for CL hydrolysis by Acineto-
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FIG. 5. Proposed scheme for the hydrolysis ofCL by Acinetobacter sp. HO1-N outer membrane phospholi-
pase A,. The position of fatty acyl groups in triacyl-LCL was determined by identification of the indicated
phospholipase D hydrolysis products.
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bacter sp. HO1-N outer membrane prepara-
tions was at least 100 times greater than that
reported in membrane preparations from M.
phlei or E. coli. The highly active soluble phos-
pholipase A, purified from B. megaterium
spores (16) hydrolyzed CL at a rate that was
only 2% ofthat for phosphatidylglycerol hydrol-
ysis.
The in vivo role of phospholipases remains

unclear. Phospholipid degradation in bacteria
appears to be exceedingly complex with respect
to the number of enzymes involved, their regu-
lation, and their localization within the cell (1,
7). The fatty acyl chains of Acinetobacter sp.
HO1-N phospholipids appear to exhibit rapid
turnover (11, 17). The phospholipase A, re-
vealed in these studies could thus be involved
in phospholipid turnover via a deacylation-rea-
cylation cycle. It has been proposed that a mon-
oacyl-diacyl cycle plays an as yet unknown role
in membranes (9, 24). Further studies are nec-
essary to elucidate the role of phospholipase A,
in Acinetobacter phospholipid metabolism.
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