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Staphylococcus aureus accumulated cardiolipin (CL) and lost phosphatidylgly-
cerol (PG) during the stationary phase of growth. The minor lipids, phosphatidyl-
ethanolamine and phosphatidylglucose, also accumulated, whereas the lysylphos-
phatidylglycerol (LPG) content of the membrane remained constant as stationary
phase continued. During exponential growth, the proportions and total content of
phospholipids per cell remained constant. The metabolism of the phospholipids was
examined under these conditions. In pulse-chase experiments, the phospholipids
lost 14C from the glycerols slower than 32P. When the phospholipids were labeled
with 14C glycerol, the unacylated glycerols of PG and LPG lost 14C, whereas the
diacylated glycerols either accumulated or did not lose 14C. In all experiments, the
PG showed a more rapid metabolism than the LPG. When staphylococcal CL was
hydrolyzed by Haemophilus parainfluenzae CL-specific phospholipase D into phos-
phatidic acid (PA) and PG, the incorporation of 32P into both of the phosphates of
CL was found to be parallel at both the PG and PA ends of the molecule. How-
ever, the specific activity of the 82P at the PA end was twice that at the PG end of
the molecule. The PG end of the CL apparently came from a portion of the cel-
lular PG pool with about 20% the specific activity of the total cellular PG. The turn-
over of two of the glycerols of the PG portion of CL was like that of the cellular
PG. The diacylated glycerol of the PG and of CL and of the membrane PG
showed neither turnover nor incorporation of 14C. Half of the radioactivity was
lost from the middle glycerol of CL and the free glycerol of the cellular PG in one
bacterial doubling. The diacylated glycerol from the other end of the CL molecule
(the PA end) lost radioactivity almost as rapidly as the middle glycerol for 10 min.
After the initial rapid loss, the turnover slowed to a rate 10 times slower than the
middle glycerol, indicating that the 14C was actually accumulating at this end of
the molecule. The phosphates and glycerols involved in the hydrolysis and resyn-
thesis of the CL molecule during exponential growth in S. aureus apparently come
from different pools of PG.

The phospholipids of strain U-71 of Staphylo-
coccus aureus have been identified as phosphati-
dylglycerol (PG), lysylphosphatidylglycerol
(LPG), phosphatidic acid (PA), cardiolipin
(CL), with traces of phosphatidylethanolamine
(PE) and phosphatidylglucose (PGL; references
17 and 20). These phospholipids, together with
the carotenoids, vitamin K2 isoprenologues, and
glucolipids [monoglucosyldiglyceride (MG) and
diglucosyldiglyceride (DG)] make up the major
components of the staphylococcal membrane
(20). The phospholipids total about 60 t.moles;
the carotenoids, 0.1 ,umoles; the vitamin K2 iso-
prenologues, 0.2 ymoles; and the glucolipids, 10

,umoles per g of dry weight in exponentially
growing cells (5, 8, 9, 17, 20).
To understand further the possible functions of

the phospholipids in the staphylococcal mem-
brane, the metabolism of these lipids was exam-
ined in detail. Earlier studies by other workers
centered around the lipid LPG which was postu-
lated to have a role in macromolecular synthesis
(6). Van Deenen and his co-workers found an
increase in the level of LPG in the membrane
when the pH of the growth medium was lowered
(I 1). The increased LPG represented both in-
creased synthesis and slower catabolism (7). In
studies from our laboratory, LPG has also been
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shown to have a slow rate of 32P loss during
exponential growth at pH 7.4 (17).

In the gram-negative bacterium, Haemophilus
parainfluenzae, it has been shown that different
parts of the phospholipid molecule lose radioac-
tivity at different rates (19, 21). The 2-linked
fatty acids have a much more active metabolism
than the 1-linked fatty acids (19). The polar por-
tion of the phospholipids has a much more rapid
metabolism than the diacylated glycerol or the 1-
linked fatty acid (19). In the glucolipids of S.
aureus, the total fatty acids lost no 14C during
exponential growth, but the glucose of MG and
DG lost half of their 14C in 30 min (one dou-
bling; reference 17). Furthermore, the CL and
PA of S. aureus have been shown to have a bi-
phasic loss of 32p in pulse-chase experiments
(17). These results suggest that there are at least
two classes of PA and CL in S. aureus. Hetero-
geneity in the metabolism of CL has recently
been documented in H. parainfluenzae (Tucker
and White, J. Bacteriol., submitted for publica-
tion). The present study extends our earlier work
and documents that the glycerols and phosphate
moieties of the complex lipids show differences
in metabolism during growth conditions in which
the lipid composition of the membrane remains
constant.

MATERIALS AND METHODS
Materials. HS33PO4 was supplied by New England

Nuclear Corp., Boston, Mass. It contained less than
5% "2P. Other materials were supplied as described
(17, 20).
Growth of S. aureus. The medium, harvesting proce-

dures, strain, and cultural conditions were previously
described (17).

Extraction and analysis of the lipids. The lipids were
extracted by the modified Bligh and Dyer method as
described (2, 17, 20). The lipids were separated on
silica gel-impregnated paper in two dimensions, located
by autoradiography, and quantitatively eluted (17). In
some experiments the lipids were deacylated by mild
alkaline methanolysis, and the water-soluble glycerol
phosphate esters were determined by chromatography
on aminocellulose paper (16).

Enzymatic hydrolysis of the lipids. PG and LPG
were hydrolyzed with cabbage phospholipase D, and
the products were separated and analyzed as described
(21). CL was hydrolyzed with a purified sample of the
CL-specific phospholipase D from H. parainfluenzae
supplied by Y. Ono (13, 14). The CL was suspended in
2% (w/v) Triton X-100 with vigorous shaking and then
diluted so the final Triton concentration was 0.7% be-
fore hydrolysis. The hydrolysis of S. aureus CL was
complete in 30 min at 25 C. The PG isolated from the
CL was then hydrolyzed with the cabbage phospholi-
pase D.

Analysis of radioactivity. 3"P and "2P were deter-
mined simultaneously in the scintillation spectrometer
as described (Tucker and White, J. Bacteriol., sub-
mitted for publication). 'H and 14C were determined

simultaneously in a solution of Aquaflour (New Eng-
land Nuclear Corp., Boston, Mass.) under conditions
where the 14C channel = 0.002 3H + 0.534 "4C and the
'H channel = 0.475 'H + 0.047 14C. Autoradiograms
were prepared as described (16).

RESULTS
Incorporation of "C and "P into the phospho-

lipids. S. aureus incorporated 28% of the 14C
from glycerol-1,3-_4C (8.8 gCi per 50 ml of
media) of which 2.6% was recovered in the phos-
pholipids in an incorporation period of two bac-
terial doublings. The distribution of 14C between
the fatty acids and glycerols of the phospholipids
is illustrated in Table 1. No 14C from glycerol
was incorporated into the lysine of LPG, the
ethanolamine of PE, or the glucose of PGL
during this period. S. aureus incorporated 0.2%
of the 32P in the medium (specific activity of 62
nCi per ,mole of phosphate) into the phospho-
lipids per bacterial doubling.

Proportions of the phospholipids during the
aerobic growth cycle. During the progression
from exponential to stationary aerobic growth,
the total phospholipid content of the cells re-
mained constant at 60 to 65 gmoles per g of dry
weight (Fig. 1). In the late exponential and early
stationary growth phases, the proportion of PG
decreased from 76 to 38% of the lipid phosphate,
and the proportion of CL increased from 5 to
30%. The proportion of LPG remained constant
at 14% throughout the growth cycle. The propor-
tion of PGL increased from 0.7 to 1 I% and that
of PE increased from 0.3 to 7% of the total
phospholipids. Exponentially growing cells at cell
densities of less than 0.17 mg of dry weight per
ml had a relatively constant phospholipid con-
tent. The proportions of the lipids during expo-
nential growth was reexamined in detail (Fig. 2).
In this experiment, the total content of phospho-
lipid and the proportions did not change during a
period of 2.2 bacterial doublings. The metabo-
lism of phospholipids in the remainder of this
study was examined during this period so that
any changes in metabolism occurred under con-
ditions when the amount of each phospholipid
per cell remained constant.
Turnover of 32P and 14C in the phospholipids

during exponential growth. The turnover of the
phospholipids labeled with both 32P and 14C is
illustrated in Fig. 3. The culture was grown with
100 gCi of glycerol- ,3-_4C and I mCi of H3
32P04 per 750 ml of culture for two bacterial dou-
blings (1 hr). The culture was then centrifuged,
washed in nonradioactive medium, and resus-
pended in 3,500 ml of nonradioactive medium.
These operations were performed at 37 C and
took about 15 min. During growth in the nonra-
dioactive medium, 500-ml samples were taken
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TABLE 1. Incorporation ofglycerol-i, 3-14C into the
phospholipids ofStaphylococcus aureus

Glycerol Fatty
Lipida phosphate acids

ester6

Phosphatidylglycerol ........... 53 47
Lysylphosphatidylglycerol ....... 64 36
Cardiolipin .................... 55 45
Phosphatidic acid ......... ...... 50 50

a Bacteria were grown with glycerol-i,3-'4C for 2
doublings, the lipids extracted, separated chromato-
graphically, recovered, and deacylated by mild alkaline
methanolysis (17). The 14C in the fatty acids and the
glycerol phosphate esters was then determined.

b Per cent of 14C in phospholipid backbone.
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FIG. 1. Proportions of the phospholipids in S. Au-
reus during the growth cycle. a, Changes in bacterial
density measured as the absorbancy at 750 nm (0),
the micromoles of lipid phosphate.per 500-ml sample
(a), and the micromoles of phospholipid per gram of
dry weight (A). Lipids from cells'grown with HS32PO4
for nine doublings were separated chromatographically
(17), located by radioautography, recovered, and deac-
ylated. b, Proportions of 32P and phosphate for each
phospholipid determined and plotted: PG (A), CL (0),
LPG (-), PGL (v), and PE (#). The pH of the me-

dium was 7.4 at the start and 7.3 at the end of the ex-

periment.

into 500 ml of crushed ice; the lipids were ex-

tracted and deacylated, and the radioactivity in
each glycerol phosphate ester was determined. In
all of the esters, the loss of 32P was more rapid
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FIG. 2. Phospholipid composition of S. aureus

during the aerobic exponentia( growth phase. Phospho-
lipids were analyzed as in Fig. 1.

than the loss of 14C. The time required for the
loss of half of the radioactivity from each of the
glycerol phosphate esters was: half of the dou-
bling time for 32P and three doubling times for
the glycerol in glycerolphosphorylglycerol
(GPG) derived from PG; three doubling times
for 32P and four doubling times for the 14C in
the GPG derived from LPG; 1.4 doubling times
for the P2p and 1.8 doubling times for the 14C in
the diglycerolphosphorylglycerol derived from
the CL; and 1.8 doubling times for the 32P and
about 5.3 doubling times for the 14C from the
GP derived from PA. There was no turnover of
the 14C or 32P from the glycerol phosphate ester
derived from PGL. "P accumulated in this lipid
and in the PE during pulse-chase experiments
(17).
Turnovers of the glycerols of PG and LPG. PG

and LPG were recovered from cells growing
exponentially during the chase period of an ex-

periment similar to that described in Fig. 3. The
PG and LPG were treated with cabbage phos-
pholipase D, and the resulting PA and unacy-
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FIG. 3. Turnover of P2p and 14C in the glycerol
phosphate esters derived from the phospholipids of S.
aureus. The cells were grown with 100 ,Ci of glycerol-
1 ,3-14C and I mCi ofH,32po4 per 750 mlfor two dou-
blings, centrifuged, and resuspended in 3,500 ml of
nonradioactive medium as illustrated in the upper
graph. Bacterial density was measured as absorbancy
at 750 nm (0) and the total lipid phosphate per sample
(A). During the growth in nonradioactive medium,
500-ml samples were withdrawn; the lipids were sepa-
rated chromatographically, recovered, and deacylated;
and the 32P (0) and 14C (A) in each glycerol phos-
phate ester was determined.

lated glycerols were recovered. The 14C in the
free glycerol was compared with that in the dia-
cylated glycerol and with the 32P (Fig. 4). In
both lipids, the 32P and 14C in the unacylated
glycerol were lost, whereas the diacylated glyc-
erols of PG and LPG accumulated 14C. In lipids
labeled with glycerol-1,3-14C, the position of the
"4C in the glycerols was determined after
cleaving the lipids with phospholipase D, re-
covering the PA, and then deacylating to GP.
The GP and unacylated glycerol were then
cleaved with periodate. If no change occurred in
the position of the 14C from the glycerol-1,3-
14C, 100% of the 14C should be recovered from
the unacylated glycerol as formaldehyde and

LPG
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FIG. 4. Turnover of the 14C in the unaclated and
diacylated glycerols and 32P in the PG and LPG of S.
aureus. Cells were grown with glycerol-1,3-'4C and
HSS2P04 as for the experimnent illustrated in Fig. 3, and
the PG and LPG were recovered. The increase in these
lipids during exponential growth is shown in the upper
graphs. The LPG and PG were hydrolyzed with cab-
bage phospholipase D, the free or unacylated glycerol
was extracted, the PA was deacylated, and the radioac-
tivity was determined.

50% from the C-1 position of GP as formalde-
hyde. In an incorporation experiment lasting for
2.2 doublings there was no evidence of randomi-
zation of the 14C (Fig. 5).

Metabolism of each phosphate of CL. When a

culture of S. aureus was grown with H333P04 for
10 doublings and then pulsed with H332P04, the
ratio of 32P to 33P in the CL could be used as a

measure of the specific activity of the phospho-
lipid phosphates. The CL was then isolated from
the S. aureus and hydrolyzed with the CL-spe-
cific phospholipase D from H. parainfluenzae.
The enzyme completely hydrolyzed the S. aureus

CL to PG and PA in 30 min as shown by chro-
matography of the reaction products on silica
gel-impregnated paper in two dimensions. The
reaction was apparently specific for the phos-
phate bond hydrolyzed, since significant differ-
ences were demonstrated in the ratios of fatty
acids between the PA and PG ends of the mole-
cule. The PA end of the CL molecule had a

larger proportion of fatty acids with carbon
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FIG. 5. Determination of the position of 14C in the
glycerol of PG and LPG of Staphylococcus aureus

grown with 100 juCi of glycerol-i,3-14C/750 ml. The
manipulations involved in these experiments are illus-
trated in part a: 1, treatment with cabbage phospholi-
pase D; 2, deacylation of the phosphatidic acid after
separation from the unacylated glycerol by extraction
with chloroform; 3, periodate treatment; 4, column
chromatography on Dowex-l with recovery of the
formaldehyde from the glycerol. The *C indicates the
position of the 14C. b, Percentage of the total 14C ob-
tained after step 3 that was present as formaldehyde;
(0), for the top sequence of reactions corresponding to
the free glycerol; (A), for the sequence of reactions
corresponding to diacylated glycerol.

chains longer than 18 carbon atoms and shorter
than 14 carbon atoms than the PG end. The
fatty acids were determined by gas-liquid chro-
matography. The 32P/33P ratio for the PG and
PA obtained from the enzymatic hydrolysis of
CL showed the PA end of the molecule had
nearly twice the specific activity of the PG end of
the CL molecule (Fig. 6b). The initial specific
activity of the total cellular PG was two to four
times greater than the initial specific activities of
either phosphate from the CL molecule (Fig. 6).

Metabolism of the glycerols of PG, LPG, and
CL. PG, LPG, and CL were isolated from S.
aureus after growth with glycerol-2-3H at con-
stant specific activity and a pulse with glycerol-
1,3-14C. The CL was quantitatively hydrolyzed
to PG and PA by the CL-specific phospholipase
D of H. paraininfluenzae. The PA from the CL
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10
8
6

4

a2

a,100

I.-
a a

o .6

E .4

LPG
_

2

4.0

2.0 [

a.

o LO

IL Qs
X

Q6

W.4

.0.W0 2 4 6 8 10

MINUTES

0.4

01 . . .
I

0 2 4 6 8 10

MINUTES

FIG. 6. Asymmetric metabolism of the phosphates
of CL. S. aureus was grown for eight doublings in the
presence of 314 uCi of H,33PO4 per 851 ml to a den-
sity of 0.15 mg of dry weight per ml, at which time 2
mCi of HS32PO4 was added. After 1, 3, 5 and 9 min,
200-ml samples (0.1 to 0.13 Aimoles of phospholipid)
were removed within 10 sec into an equal volume of
crushed ice and centrifuged. The cell pellet was then
extracted, and the lipids were separated by two-dimen-
sional chromatography on silica gel-impregnated paper
(17). A portion of the CL was recovered from the pa-

per, emulsified in 2% (vlv) Triton X-100, and hydro-
lyzed by the cardiolipin-specific phospholipase D of H.
parainfluenzae (13, 14). The reaction was complete in 30
min, and the products were extracted and separated by
paper chromatography as above. The ratio of 32p to
33P in the products of the enzymatic hydrolysis of CL,
PG, and PA are plotted in a. The ratio of P2p to 3SP in
the PA, PG, CL, and LPG are illustrated in b. The
radioactivity was determined in a scintillation spectro-
photometer.

was deacylated to GP, and the 14C/3H ratio was

determined. The PG recovered from the other
end of the CL molecule was hydrolyzed with
cabbage phospholipase D as for the experiment
illustrated in Fig. 4, the free glycerol was ex-

tracted, and the PA was deacylated to GP before
the radioactivity was determined. The PG and
LPG were treated as in Fig. 4. If there was nei-
ther turnover nor incorporation, the change in
the 14C/3H ratio would fall at the rate illustrated
by the dotted line n the upper part of Fig. 7.
Changes in the ratio with greater slopes than the
dotted line indicate turnover. The times neces-
sary for a 50% decrease in the 14C/3H ratio in
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MINUTES

FIG. 7. Asymmetry in the metabolism oj
erols of LPG, PG, and CL in S. aureus.

medium contained 2.5 mCi of glycerol-2-_3H
ml, which was divided into a 350-mi porti
1,700-mI portion after thorough mixing. T
portion was inoculated, and the cells were i

grow through 10 doublings to a density of C
dry weight per ml, at this time 200 MCi ofgly
1I'C was added, and the cells were incubai
min. The cells were collected on a memb
(Millipore Corp.), and then resuspended into
ml portion of the medium which contained a
contained glycerol-2-3H at the same specific
before. Samples containing 0.1 to 12 Mmole
pholipid were withdrawn, and the lipids were

chromatographically (17). The LPG, PG, an

recovered. The LPG and PG were analyzed
The CL was hydrolyzed to PA and PG by tI

cific phospholipase D as in Fig. 6. The
from the CL was further hydrolyzed by cabi
pholipase D to PA plus the free glycerol. The
erol and the PA were treated as in Fig. 4. 2
line indicates the rate of change in the 14CI
neither turnover nor incorporation occurrei
nentially growing cells. The doubling time
throughout this experiment.

the free glycerols of LPG and PG and tI
glycerol of CL were 19, 11, and 15 mi
tively. The times necessary for a 50%
in the 14C/3H ratio from the diacylatec
of LPG, PG, and the part of the CL
that became PG after enzymatic hydrol
41, 24, and 27 min, respectively. The tia
sary for a 50% reduction of the 14Cy
from the diacylated glycerol in the PA e
CL molecule was 116 min after an ini
change lasting 10 min. If there were neil
over nor incorporation, the ratio should
by 50% in 30 min. The initial specific a
terms of the 14C/3H ratio for all the
from these lipids was 0.40 to 0.42 excel

diacylated glycerol from the PG end of the CL
molecule which was 0.56.

DISCUSSION
The data reported in this study indicated that

S. aureus accumulated CL and lost PG in the
membrane during the shift from exponential to
stationary growth (Fig. 1). CL accumulation in
the stationary growth phase has been detected in
several gram-negative species (4, 15). CL also
seems to accumulate when the bacteria are
stressed as by the addition of colicines (3), by

-PO + F% the deprivation of oleate (10) or glycerol (12) in
+s auxotrophic mutants, or by the addition of anti-

biotics (Tucker and White, J. Bacteriol., sub-
mitted for publication) or inhibitors (Ono and

MINLfES60 White, J. Bacteriol., submitted for publication)
to the culture. PG has been shown to be the sole

f the glyc- precursor of CL in this strain of S. aureus (S. A.
'he grwt0h Short ano D. C. White, Bacteriol. Proc., p. 151),
pion and a and studies with inhibitors suggest that the ca-
'he 350-ml tabolism of CL contributes to the PG pool as in
allowed to other bacteria (19). Shifts in the PG = CL equi-
).03 mg of librium suggest that these changes could be re-
vcerol-I,3- lated to some important function which depends
ted for 45 on lipid metabolism.
prane filter The studies in this paper together with earlier
athel1,700 studies (18) establish that in the gram-positive S.
activity as aureus there are differences in the metabolism of
as of phos- the various phospholipids (Fig. 4) and differ-
>separated ences in the rates of metabolism of various por-
ld CL were tions of the lipid molecules (Fig. 4, 6, 7). In S.
as Fig. 4. aureus, the unacylated glycerol has a much more
he CL-spe- rapid metabolism than the diacylated glycerols of
'G derived both PG and LPG (Fig. 4). Similar findings
bage phos- have been reported for H. parainfluenzae (21)
e'free glyc- and Escherichia coli (1). Since the rate of loss ofThe dotted
3H ratio if radioactivity from a lipid during the chase period
d in expo- in a pulse-chase experiment represents the min-
vas 30 min imum rate at which the radioactive portion of

the molecule was replaced by the nonradioactive
component, any recycling of the radioactivity

he middle into the lipid would result in an apparent rate
n, respec- slower than the true rate. The experiment illus-
reduction trated in Fig. 5 indicated that, if reincorporation
I glycerol of the glycerol did occur, it did so without
molecule changing the position of the 14C in the glycerol-
lysis were I ,3-14C (21).
me neces- LPG had much slower metabolism of its glyc-
'3H ratio erols and phosphate than PG (Fig. 3 and 4) and
nd of the seemed to remain at a constant proportion of the
ltial rapid phospholipid in the membrane throughout the
ther turn- growth cycle (Fig.l), as long as the pH of the
decrease growth medium was maintained between 7.4 and

Lctivity in 7.3. The proportion of the LPG was constant
glycerols throughout the growth cycle although the pro-
pt for the portions of the other phospholipids changed
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LIPID METABOLISM IN S. AUREUS

markedly (Fig. 1). Incubation of the glycerol
auxotroph of Bacillus subtilis in the absence of
glycerol produced changes in the proportions of
the PG, PE, PA, and CL, but the proportion of
the LPG remained constant (12). Apparently,
the LPG content of the membrane primarily re-
flects the pH of the growth medium (11).
The trace lipids PE and PGL in S. aureus ac-

cumulate 32P (and 14C in the PGL) during expo-
nential growth (Fig. 3; reference 18). The pro-
portions of these two lipids increase significantly
as the cells age (Fig. 1).
The examination of CL metabolism in expo-

nentially growing S. aureus by use of the CL-
specific phospholipase D isolated from H. par-
ainfluenzae established that (i) the enzyme was
specific for one end of S. aureus CL (Fig. 6 and
7) and (ii) the metabolism of the glycerols and
phosphates of the S. aureus CL molecule were
different during growth under conditions in
which the concentration of CL in the membrane
remained constant (Fig. 2, 6, and 7). Incorpora-
tion of 32P into the CL molecule of S. aureus
involved different pools (Fig. 6). The phosphates
of both the PA and PG end of the CL molecule
were incorporated at nearly the same rates, al-
though the specific activity of the PA end was
twice that of the PG end (Fig. 6). In H. parain-
fluenzae, the phosphate forming the PG end of
the CL showed much more rapid incorporation
but apparently came from a pool with lower spe-
cific activity than the phosphate that formed the
PA end of the CL molecule (19). Our studies
have established that CL is synthesized from two
molecules of PG with the loss of an unacylated
glycerol in this strain of S. aureus (S. A. Short
and D. C. White, Bacteriol. Proc. p. 151, 1971).
From the data in Fig. 6, the PG pool from which
the CL was formed was a portion of the total PG
pool with 25% of the specific activity of the total
PG pool. The unacylated glycerol of PG and the
middle glycerol of CL had the same initial spe-
cific activity but the diacylated glycerol from the
PG end of the CL had a higher initial specific
activity than the diacylated glycerol of the total
PG in the cells (Fig. 7). The diacylated glycerols
of the PA and the PA end of the CL molecule
had essentially the same initial specific activities
(Fig. 7). The total cellular PA pool could only
be indirectly related to CL synthesis since the
direct precursor of CL in this organism is PG. In
H. parainfluenzae, the PA and PG ends of the
CL molecule come from portions of the total PG
pool with one-half of the initial specific activities
of the total PG and PA in the cells (19).
No enzyme that degrades CL has been isolated

from S. aureus. In H. parainfluenzae, the CL-
specific phospholipase D apparently acts in vivo

to yield equimolar amounts of PA and PG (14;
Ono and White, J. Bacteriol., submitted for pub-
lication; Tucker and White, J. Bacteriol., sub-
mitted for publication). In S. aureus, the diacy-
lated glycerol and the middle glycerol from the
PG end of the CL molecule have a metabolism
essentially identical to the total cellular PG. The
middle glycerol lost radioactivity about twice as
rapidly as the diacylated glycerol of the PG end
of the CL molecule (Fig. 7). In this experiment,
the change in specific activity was about what
would be expected if there were neither incorpo-
ration nor turnover. The PA end of the CL mol-
ecule showed a biphasic loss of 14C from the dia-
cylated glycerol. The rapid phase paralleled the
loss of 14C from the middle glycerol followed by
a slow phase in which 14C apparently accumu-
lated. Perhaps this reflects the biphasic loss of
32P from the CL molecule shown earlier (17). The
slow rate of loss of 14C from the diacylated glyc-
erol of the PA end of the CL molecule either
represented recycling of the 14C glycerol from a
pool with high specific activity only at that end
of the CL molecule or that the glycerol at the
PA end of the CL remained relatively stable in
the membrane as the other glycerols were hydro-
lyzed and resynthesized. In exponentially
growing H. parainfluenzae, the CL molecule lost
32P and 14C from the middle glycerol, but the
average of the two diacylated glycerols accumu-
lated 14C (21).
Whatever the true story of CL metabolism

may be, the evidence from this study indicates
that the two diacylated ends of the CL molecule
were equilibrated with different pools during
exponential growth and after an initial loss of
glycerol from the PA end of the molecule there
was essentially no turnover. It is hoped that fur-
ther studies with membrane systems can eluci-
date the possible functions of CL in the mem-
brane.
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