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Lipophilic and hydrophilic p-alanyl-lipoteichoic acids are elongated in Lactoba-
cillus casei by the transfer of sn-glycerol 1-phosphate units from phosphatidylgly-
cerol to the poly(glycerophosphate) moiety of the polymer. These sn-glycerol 1-
phosphate units are added to the end of the poly(glycerophosphate) which is distal
to the glycolipid anchor; 1,2-diglyceride results from this addition. The presence
of a diglyceride kinase was suggested by the ATP-dependent phosphorylation of
1,2-diglyceride to phosphatidic acid. Inorganic phosphate was used to initiate the
synthesis of lipophilic lipoteichoic acid (LTA) and the elongation of both lipophilic
and hydrophilic LTA. Three observations suggest that phosphate and other
anions play a role in the in vitro synthesis of LTA and its precursors. First, the
conversion of 1,2-diglyceride to phosphatidic acid by diglyceride kinase was
stimulated. Second, the synthesis of phosphatidylglycerol was increased. Third,
the elongation of lipophilic and hydrophilic LTA was enhanced. These observa-
tions indicated that one effect of phosphate might be to enhance the utilization of
1,2-diglyceride for the synthesis of phosphatidic acid. This phospholipid is a
-precursor of phosphatidylglycerol, the donor of sn-glycerol 1-phosphate for

elongation of LTA.

Phosphatidylglycerol (PG) has been proposed
to be the donor of sn-glycerol 1-phosphate
(GroP) units of the poly(glycerophosphate) moi-
ety of lipoteichoic acid (LTA) (8, 9, 13, 14)
according to the following reaction:

tion would result in a cycling of the diglyceride
moiety of this phospholipid.

The goals of these experiments with Lactoba-
cillus casei were to characterize further the
effect of phosphate on the assembly of the LTA,

PG + LTA-poly(glycerophosphate), — LTA-poly(glycerophosphate),.; + 1,2-diglyceride

Inorganic phosphate stimulates both the synthe-
sis of PG and the elongation of p-alanyl-lipophil-
ic LTA in vitro (4). These observations support-
ed the proposed role for PG in the elongation of
LTA.

During the elongation of LTA, one of the
reaction products is 1,2-diglyceride. Significant
amounts of this diglyceride might be expected to
accumulate during chain elongation. Since large
amounts of diglyceride are not commonly found
in bacteria (25), it is proposed that the diglycer-
ide is either degraded or reutilized for phospho-
lipid synthesis. A diglyceride kinase similar to
that found in Escherichia coli (24) could phos-
phorylate the diglyceride to phosphatidic acid, a
known precursor of PG (25). This phosphoryla-
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to determine the site of the addition of GroP
units to the growing polymer, and to suggest a
fate for the 1,2-diglyceride. Toluene-treated
cells were used to demonstrate the synthesis and
elongation of D-alanyl-LTA as well as the syn-
thesis of various phospholipids. These cells,
which are permeable to GroP, ATP, and D-
alanine, synthesized LTA and phospholipids in
significant amounts. For detecting diglyceride
kinase, membranes were used instead of tolu-
ene-treated cells. These membranes provided a
system for introducing lipid substrates by re-
peated cycles of freezing and thawing.

MATERIALS AND METHODS

Materials. We thank Eugene Kennedy for a gener-
ous gift of phosphodiesterase II from Aspergillus niger
(31), Werner Fischer for glycerophosphotrihexosyldi-
acylglycerol isolated from Lactobacillus casei DSM
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20021 (12), and J. Douglas Engel for [y->*P]ATP (carri-
er free). Nonradioactive phospholipids were obtained
from Supelco, Inc., Bellefonte, Pa. 1,2-Diolein was
obtained from Serdary Research Laboratories, Lon-
don, Ontario. [U-'*Clglycerol 3-phosphate (171 mCi/
mmol), 1,2-[**Cldipalmitoyl phosphatidylcholine (115
mCi/mmol), and [2->H]glycerol (200 mCi/mmol) were
purchased from Amersham Corp., Arlington Heights,
Ill. p-[1-'*Clalanine (56.2 mCi/mmol) was purchased
from International Chemical and Nuclear Corp., Ir-
vine, Calif. Wheat germ acid phosphatase and phos-
pholipase C were purchased from Worthington Bio-
chemicals Corp., Freehold, N.J. and Sigma Chemical
Co., St. Louis, Mo., respectively. Silica gel 60 thin-
layer plates (250 wm [20 by 20 cm]) were obtained from
E. Merck AG, Darmstadt, Germany. Activated silicic
acid (Unisil, 100 to 200 mesh) was obtained from
Clarkson Chemical Co., Inc., Williamsport, Pa. Se-
pharose 6B and DEAE-Sephadex were purchased
from Pharmacia Fine Chemicals, Inc., Piscataway,
N.J. All other materials were reagent grade.’

Synthesis of 1,2-['*C]dipalmitin. 1,2-['*C]dipalmitin
was synthesized by the action of phospholipase C on
1,2-[*C]dipalmitoyl phosphatidylcholine. [C]phos-
phatidylcholine (1.5 pCi) was dispersed into 800 pl of
10 mM imidazole buffer (pH 7.4) containing 5 mM
CaCl,. Phospholipase C (1.4 U) was added in a volume
of 200 pl, and the reaction mixture was incubated for 4
h at 25°C (33). The reaction mixture was then subject-
ed to the Bligh and Dyer (3) extraction procedure
(minus the filtration step) described below. The incu-
bation and extraction procedures were then repeated
on the residue that resulted from drying the chloro-
form-soluble fraction under a stream of N,. The 1,2-
[**C]dipalmitin was separated from unreacted
[**Clphosphatidylcholine by a modification of the pro-
cedure of Dittmer and Wells (7). The final chloroform-
soluble fraction from the second incubation was
passed over a column (0.6 by 3 cm) of activated silicic
acid. The column was washed three times with 1 ml of
CHCI; each time. The pooled effluents were dried
under N, and redissolved in 1 ml of CHCl;.

Preparation of toluene-treated cells and membranes.
L. casei ATCC 7469 was grown, in some cases in the
presence of [*Hlglycerol (1 mCi/liter), by the method
of Childs and Neuhaus (6). The toluene-treated cells
were prepared as previously described (6). Mem-
branes were prepared from L. casei cells by the
procedures of Linzer and Neuhaus (16) and Reusch
and Neuhaus (27).

Incorporation assay for the synthesis of chloroform-
soluble compounds in toluene-treated cells. The incor-
poration assay for the synthesis of chloroform-soluble
compounds measures the incorporation of p-['*Clala-
nine, 32P from [y-**P]ATP, or [**C]GroP into chloro-
form-methanol-extractable, chloroform-soluble com-
pounds. The procedure described by Brautigan et al.
(4) was used. The reaction mixture contained the
following: 33 mM MgCl,, S mM ATP (adjusted to pH
6.5 with NaOH), 40 mM piperazine acetate (pH 6.5), 1
mM dithiothreitol, 100 mM phosphate (adjusted to pH
6.5 with KOH), radiolabel, and toluene-treated cells
(16 mg [wet weight]) in a total volume of 0.5 ml. p-
[*“C]alanine (46 pM), [**C]GroP (23 pM), and [y-
32pP)ATP (carrier free) were used as radiolabels. The
mixture was incubated at 37°C for 30 min.
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Labeled chloroform-soluble compounds were isolat-
ed by a modification of the monophasic extraction
procedure of Bligh and Dyer (3) described by Brauti-
gan et al. (4). The final chloroform-soluble fraction
was transferred to a scintillation vial and assayed for
radioactivity.

Assay for the synthesis of phosphatidic acid. The
assay for the synthesis of phosphatidic acid measures
the incorporation of 1,2-['*C]dipalmitin or 3P from [y-
32pP]ATP into phosphatidic acid. Either 1,2-diolein (200
ug) or 1,2-[**Cldipalmitin 2 X 10° dpm) was first
dispersed into 300 wl of buffer (40 mM piperazine
acetate [pH 6.5] containing 33 mM MgCl,) by cavita-
tion. Membranes (4.0 mg of protein) were then added,
and the suspension was subjected to three to six cycles
of freezing and thawing (at —196 and 37°C, respective-
ly) as described by Kalomiris et al. (15). The reaction
mixture contained the membrane suspension, 33 mM
MgCl,, 40 mM piperazine acetate buffer (pH 6.5), 5
mM ATP, 1 mM dithiothreitol, 100 mM phosphate (pH
6.5), and 46 pM p-alanine in a final volume of 0.5 ml.
This mixture was incubated at 37°C for 30 min. When
1,2-diolein was used, the mixtures also contained 25
nCi of [y-32P]ATP (carrier free), 10 mM GroP, and §
mM CTP.

Labeled chloroform-soluble compounds were isolat-
ed by the monophasic extraction procédure described
for the incorporation assay. The phosphatidic acid was
separated by thin-layer chromatography and visual-
ized by autoradiography.

Synthesis and degradation of [*Clglycerol - [*H]gly-
cerol-LTA. Doubly labeled LTA was used to deter-
mine the location of the newly added GroP units.
['*C]Glycerol - [*H]glycerol-LTA was synthesized by
incubating [2-3H]glycerol-labeled, toluene-treated
cells with ["*C]GroP (4.8 pCi) in a scale-up of the
standard incorporation assay reaction mixture (total
volume, 25 ml). This mixture was incubated for 50 min
at 37°C. Isolation and purification of ['“Clglycer-
ol - PHlglycerol-p-alanyl-LTA free of p-alanyl-lipo-
philic LTA, degradation with phosphodiesterase II-
phosphatase, and assay for the degradation products
were done as previously described (4, 6).

Chromatography of chloroform-soluble compounds.
The chloroform-soluble fractions containing the radio-
actively labeled lipids were dried under N,. The resi-
dues were redissolved in CHCIl;, and samples were
applied to silica gel 60 thin-layer plates. The plates
were developed with a solvent consisting of butanol-
acetic acid-water (120:30:50, vol/vol/vol). Autoradio-
grams were prepared by exposing Kodak XR-5
XOMAT X-ray film to the plate at —80°C.

Analytical methods. For the identification of phos-
phatidic acid, CDP-diglyceride, PG, and 1,2-diglycer-
ide, the labeled lipids were compared with authentic
standards by thin-layer chromatography in three sol-
vent systems: (i) butanol-acetic acid-water (120:30:50,
vol/vol/vol); (ii) CHCIl;-CH3;OH-acetic acid
(65:25:13.5, vol/vol/vol); (iii) CHCl,-CH;OH-7 M
NH,OH (60:35:5, vol/vol/vol). The standards were
visualized by exposing the plates to I, vapor after
autoradiography. Glycerophosphotrihexosyldiacylgly-
cerol was compared with p-['*Clalanyl- and
[*“C]GroP-labeled lipophilic compounds by thin-layer
chromatography in solvent i. The glycerophosphotri-
hexosyldiacylglycerol standard was visualized by
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FIG. 1. Incorporation of D-['*Clalanine (lanes 1
and 2) and [**C]GroP (lanes 3 and 4) into chloroform-
soluble compounds. The incorporation assay used is
described in the text. PA, Phosphatidic acid. As
visualized by I, staining, identical amounts of phos-
pholipid were applied to all tracks.

lightly spraying the plate with a solution of 3.2% (wt/
vol) a-naphthol in methanol-H,SO,-water (25:3:2,
vol/vol/vol) and heating the plate at 110°C for 25 min
(W. Fischer, personal communication). The method of
Lowry et al. (19) was used for protein determination.
Bovine serum albumin was used as the standard. The
scintillation fluid described by Patterson and Greene
(22) was used for the determination of radioactivity
with a Packard model 2425 Tri-Carb liquid scintillation
spectrometer. A Branson Sonifier cell disruptor was
used at 30% output (45 W) for 5 min to disperse lipids
into aqueous solution by cavitation.

RESULTS

In this study, two classes of LTA were de-
fined on the basis of their solubility. Lipophilic
LTA is short-chained lipoteichoic acid which
partitions into the chloroform phase of the bi-
phasic extraction system (3, 4). Hydrophilic
LTA is longer chained and partitions into the
aqueous phase of this system. The p-alanyl-
lipophilic compounds previously described by
Brautigan et al. (4) are p-alanyl-lipophilic LTA.

GroP incorporation into PG. To study the
assembly of the poly(glycerophosphate) moiety
of LTA in toluene-treated cells of L. casei,
labeled GroP was used as a precursor of PG, the
presumed donor of the GroP units of LTA.
Incubation of these cells with ['*C]GroP result-
ed in the labeling of a number of chloroform-
soluble compounds (Fig. 1). The labeling of
these compounds was dependent on ATP. The
addition of 100 mM phosphate strongly stimulat-
ed the incorporation of labeled GroP into PG,
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phosphatidic acid, and CDP-diglyceride, where-
as it had little effect on the labeling of 1,2-
diglyceride. Other anions, e.g., sulfate, chloride,
and nitrate, also enhanced the formation of these
phospholipids (Table 1). No difference was ob-
served when sodium phosphate was used in
place of potassium phosphate. Phosphate gave
the best stimulation and was used routinely.
Since there was no apparent correlation between
ionic strength and percent stimulation, it ap-
peared that this stimulation resulted from an
anionic effect. Thus, in the presence of ATP and
phosphate, PG can be readily labeled with
[*C]GroP.

GroP incorporation into lipophilic LTA via PG.
The ability to label the PG pool with [**C]GroP
provided a method for studying the assembly of
lipophilic LTA in toluene-treated cells. A series
of [**C]GroP-labeled compounds with mobilities
similar to those of the p-[!*Clalanyl-lipophilic
compounds became labeled when 100 mM phos-
phate was present (Fig. 1). It was previously
suggested that the p-alanyl-lipophilic com-
pounds are D-alanyl-LTA with short chains of
poly(glycerophosphate) (4). Thus, the
[**C]GroP-labeled compounds may represent li-
pophilic LTA of various chain lengths and de-
grees of D-alanine substitution. One of these
compounds has the same Ry as glycerophospho-
trihexosyldiacylglycerol, a short-chained homo-
log of L. casei LTA isolated from strain DSM
20021 by Fischer and co-workers (10, 12, 21). As

TABLE 1. Incorporation of ['*C]GroP and *?P from
[y-*>P]ATP into chloroform-soluble compounds

Activity (% of control)®

Reaction mixture?®

[“CIGroP  [y-?PIATP

Complete 100 100
Without HPO,2~ 9.9 11

Plus SO~ © 61 78

Plus NO;~ 79 68

Plus CI™ ! 66
Without ATP 1.1 ND“
Without ATP and HPO,2~ 11 ND

“ The complete reaction mixture contained toluene-
treated cells (16 mg [wet weight]), 33 mM MgCl,, 40
mM piperazine acetate buffer (pH 6.5), 5 mM ATP
(neutralized with KOH), 100 mM phosphate (pH 6.5),
1 mM dithiothreitol, 46 pM D-alanine, and 23 pM
[**C]GroP (171 mCi/mmol) or 25 uCi of [y-*?P]JATP
(carrier free) in a total volume of 500 wl. The mixture
was incubated for 30 min at 37°C.

b For comparison, incorporation in the presence of 5
mM ATP and 100 mM phosphate was arbitrarily set at
100% (control). For ['*C]GroP, 100% represents
32,000 dpm of chloroform-soluble 'C. For [y->*P]ATP,
100% represents 6,600 dpm of chloroform-soluble 32P.

¢ All anions replacing phosphate were added as
potassium salts to a concentration of 100 mM.

4 ND, Not determined.



VoL. 154, 1983

with PG, phosphate also stimulated the labeling
of these lipophilic compounds by [**C]GroP.
This correlation suggested that as more 4C-
labeled PG is synthesized, the synthesis of la-
beled lipophilic LTA increases.

Site of addition of GroP units to LTA. The
ability to label lipophilic LTA with [**C]GroP
suggested that it also may be possible to label
LTA of any chain length and to determine the
site of addition of these GroP units. Toluene-
treated cells, which had been grown in the
presence of [2->Hlglycerol to label uniformly the
LTA, were incubated in the presence of
[**C]GroP, ATP, and 100 mM phosphate for 50
min to generate a gradient of label. The omission
of either phosphate or ATP resulted in little or
no incorporation of [**C]GroP into LTA. LTA
was isolated as previously described (4, 6).
Hydrophilic LTA was separated from labeled
phospholipids and lipophilic LTA by the extrac-
tion procedure described for the incorporation
assay. The resulting [*Clglycerol - [*Hlgly-
cerol-LTA was then degraded with phosphodi-
esterase II-phosphatase. This enzymatic proce-
dure sequentially degrades from the distal end of
LTA to the proximal end adjacent to the gly-
colipid anchor (4, 5, 11). There was a large
intitial release of the [“C]glycerol label relative

5.0 T

4.0

3.0

Ratio ['*c] / [*H]

200
Time (hr)

FIG. 2. Degradation of ['“Clglycerol - [*Hlgly-
cerol-labeled LTA with phosphodiesterase II-phos-
phatase. Cells were uniformly labeled with [2-*Hlgly-
cerol, treated with toluene, and incubated with
[*CIGroP as described in the text. The reaction
mixture for a given time point contained: ['*C]glycer-
ol - [*Hlglycerol-labeled p-alanyl LTA (**C, 3,400
dpm; H, 2,740 dpm), 50 mM formate buffer (pH 4.5),
180 pg of phosphodiesterase II, and 330 pg of wheat
germ acid phosphatase in a total volume of 760 pl. The
reaction mixtures were incubated at 37°C for the
indicated times. The sample was applied to a column
of DEAE-Sephadex (0.6 by 3 cm), and the column was
eluted with 3 ml of formate buffer (pH 4.5) in 1-ml
portions. The *C/*H ratios in the original undegraded
LTA (dashed line) and the degradation products col-
lected in the effluent fractions (O) were then deter-
mined.

400
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to the [*Hlglycerol label (Fig. 2). This large
initial '*C/*H ratio suggested that the [**C]GroP
units are added distally to the glycolipid anchor.

Incorporation of 3°P from [y-’P]JATP into
phospholipids. In previous experiments, 32P; was
found to label PG and other chloroform-soluble
compounds in toluene-treated cells of L. casei
(4). It was suggested that 3?P; was incorporated
into a water-soluble intermediate, which was
subsequently converted to PG in the presence of
100 mM phosphate (4). In the present experi-
ments, incubating toluene-treated cells with [vy-
32P]ATP resulted in the labeling of PG, phospha-
tidic acid, and CDP-diacylglycerol, as well as
several other chloroform-soluble compounds.
Thus, ATP would appear to be one of the
intermediates in the incorporation of 3?P; into
phospholipids. The labeling of chloroform-solu-
ble compounds with [y-*>PJATP was enhanced
by phosphate, sulfate, nitrate, or chloride (Table
1). Sodium phosphate and potassium phosphate
gave the strongest stimulation. This stimulation
was similar to that observed for the incorpo-
ration of ['*C]GroP into chloroform-soluble
compounds.

Diglyceride kinase in L. casei. The production
of 1,2-diglyceride in the elongation of LTA sug-
gested the possibility that a 1,2-diglyceride ki-
nase may exist in L. casei. Membranes were
used as a system to which lipid substrates could
be added to detect this enzymatic activity. Un-
like toluene-treated cells, membranes required
the addition of CTP and GroP for [y-
32P]ATP labeling of PG. Incorporation of 2P
from [y-P]ATP into PG and phosphatidic acid
could be stimulated by the addition of 1,2-diolein
to membranes and stimulated further by the
addition of 100 mM phosphate (Fig. 3). The
addition of phosphate in the absence of 1,2-
diolein resulted in little stimulation of labeling.
Thus, the 1,2-diolein appeared to be a substrate
for the synthesis of PG. The appearance of
[*?Plphosphatidic acid suggested that 1,2-diolein
was phosphorylated by a diglyceride kinase. An
additional assay with 1,2-['*C]dipalmitin was
also used to detect this kinase. Figure 4 (lane 5)
shows the phosphate-stimulated, ATP-depen-
dent synthesis of ['*C]phosphatidic acid from
1.2-[**Cldipalmitin. The omission of phosphate
or ATP resulted in little synthesis of phosphatid-
ic acid. The conversion of this diglyceride to
[**Clphosphatidic acid is consistent with the
presence of a 1,2-diglyceride kinase in L. casei.
The stimulation of this kinase by 100 mM phos-
phate correlated with the phosphate-stimulated
syntheses of PG, lipophilic LTA, and hydrophil-
ic LTA.

DISCUSSION

Phosphate and other anions appear to play an
important role in the in vitro elongation of LTA
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FIG. 3. Effect of 1,2-diolein on incorporation of *?P
from [y-*?PJATP into phospholipids. The complete
reaction mixture (lane 4) contained 300 pl of the
membrane-1,2-diolein suspension as described in the
text, 40 mM piperazine acetate buffer (pH 6.5), 33 mM
MgCl,, 5 mM ATP, 1 mM dithiothreitol, 100 mM
phosphate (pH 6.5), and 30 u.Ci of [y-**P]ATP (carrier
free) in a total volume of 0.5 ml. The reaction mixture
was varied as follows: lane 1, minus 1,2-diolein and
phosphate; lane 2, minus 1,2-diolein, plus phosphate;
lane 3, plus 1,2-diolein, minus phosphate. The com-
pound migrating with an Ry of 0.25 was not identified.
PA, Phosphatidic acid.

by enhancing the synthesis of PG. GroP units
from this phospholipid are added distally to the
glycolipid anchor of the elongating LTA chains
in toluene-treated cells. This addition results in
the formation of 1,2-diglyceride. Evidence is
presented for the presence of a diglyceride ki-
nase in L. casei. It is proposed that this enzyme
converts the resulting 1,2-diglyceride to phos-
phatidic acid, which can be utilized for the
synthesis of PG, the donor of GroP for LTA
elongation (Fig. 5).

Three observations suggested that inorganic
phosphate and other anions stimulate one or
more reactions in the assembly of lipophilic and
hydrophilic LTA in toluene-treated cells of L.
casei. First, inorganic phosphate greatly in-
creased the incorporation of ['*C]GroP into lipo-
philic LTA. Second, it stimulated the elongation
of Dp-['*Clalanyl-lipophilic LTA (4). Third, as
with lipophilic LTA, it enhanced the incorpo-
ration of ['“C]GroP into hydrophilic LTA. Thus,
inorganic phosphate can be used as a tool for
initiating the in vitro synthesis of lipophilic LTA
and for elongating both lipophilic and hydrophil-
ic LTA.

J. BACTERIOL.
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FIG. 4. Effect of ATP on the conversion of 1,2-
['*C]dipalmitin to phosphatidic acid. The complete
reaction mixture (lane 5) contained 400 pl of the
membrane-1,2-[!*C]dipalmitin suspension as de-
scribed in the text, 40 mM piperazine acetate (pH 6.5),
33 mM MgCl,, S mM ATP, 1 mM dithiothreitol, 100
mM phosphate (pH 6.5), and 46 wM D-alanine in a total
volume of 1 ml. The lower two-thirds of the thin-layer
chromatography plate was lightly sprayed with three
coats of En’Hance (New England Nuclear Corp.,
Boston, Mass.) before autoradiography. Lane 1 con-
tains 20,000 dpm of the prepared 1,2-['“C]dipalmitin.
The reaction mixture was varied as follows: lane 2,
minus ATP and phosphate; lane 3, minus ATP, plus
phosphate; lane 4, plus ATP, minus phosphate. The
compound migrating with an R, of 0.3 was not identi-
fied. PA, Phosphatidic acid.

Inorganic phosphate was used to stimulate the
incorporation of ['*C]GroP into hydrophilic
LTA in toluene-treated cells to generate a gradi-
ent of label. Sequential degradation of this la-
beled LTA with phosphodiesterase II-phospha-
tase revealed that GroP units were added
distally to the glycolipid anchor. This observa-

ATP ADP GroP

2 acyl CoA
1,2-diglyceride

LTA 2 CoA

phosphatidic acid

phosphatidyliglycerol cTP
PP,
Py
CDP-diglyceride
phosphatidyiglycerophosphate
CMP GroP

FIG. 5. Proposed diglyceride cycle for LTA bio-
synthesis in L. casei. acyl CoA, Acyl coenzyme A.
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tion supports the conclusion of Cabacungan and
Pieringer (5), who reported that GroP units were
added distally in whole cells and isolated mem-
branes of Streptococcus faecium. Thus, the
mode of distal addition of GroP to LTA in
toluene-treated cells of L. casei appears to be
similar to that in S. faecium cells.

In addition to stimulating the elongation of
LTA, inorganic phosphate in the presence of
ATP was found to increase the synthesis of PG,
phosphatidic acid, and CDP-diglyceride. Sul-
fate, chloride, and nitrate also stimulated the
synthesis of these phospholipids, but to a lesser
extent than phosphate did. This stimulation was
similar to that observed for sulfate, which en-
hances the synthesis of phosphatidylethanol-
amine in Bacillus megaterium (23). The phos-
pholipids stimulated by these anions occur in the
pathway of PG assembly observed in B. mega-
terium (23) and Escherichia coli (25). Therefore,
it seems likely that a similar or identical pathway
for phospholipid synthesis occurs in L. casei
(Fig. 5). The labeling of 1,2-diglyceride by
[**C]GroP implies that GroP is acylated. Acyla-
tion of [**C]GroP by endogenous fatty acyl
coenzyme A results in ['*C]phosphatidic acid,
which is converted to ['*C]PG and 1,2-['*C]di-
glyceride. In addition, PG can be labeled by the
incorporation of ['*C]GroP into the glycerol
headgroup. Thus, two routes for the incorpo-
ration of ['*C]GroP into PG exist. The phos-
phate-enhanced labeling of PG, phosphatidic
acid, and CDP-diglyceride suggests that this
anion stimulates one or more of the enzymes in
this pathway. Alternatively, the enhanced label-
ing could result from the inhibition of ATPase
(28).

In toluene-treated cells, ATP is required for
the phosphate-stimulated synthesis of phospho-
lipids. ATP may be a substrate for a diglyceride
kinase which generates phosphatidic acid from
1,2-diglyceride. A kinase found in E. coli (24, 29,
30) catalyzes the phosphorylation of diglycer-
ides via the following reaction:

1,2-diglyceride + ATP — phosphatidic acid + ADP

In this organism, 1,2-diglyceride results from the
transfer of GroP from PG to membrane-derived
oligosaccharides (25). Mutant strains lacking a
functional diglyceride kinase accumulate signifi-
cant amounts of 1,2-diglyceride (26). Since PG is
the donor of GroP units for LTA elongationin L.
casei, 1,2-diglyceride might be expected to accu-
mulate as the polymer is elongated. Alternative-
ly, a diglyceride kinase could function to salvage
the 1,2-diglyceride produced during LTA assem-
bly (Fig. 5). In the present work, this enzyme
was detected in L. casei. The stimulation of
diglyceride kinase by phosphate correlates with
the stimulation of phospholipid and LTA synthe-
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sis by this anion. This correlation suggests a
possible involvement of this enzyme in phospho-
lipid and LTA synthesis.

In a number of bacteria, PG is present in two
distinct pools (1, 2, 17, 18) with different rates of
metabolic turnover. In B. megaterium, one pool
of PG undergoes rapid turnover whereas the
other exhibits metabolic stability. It has been
suggested that the former pool is the donor of
GroP units for LTA synthesis (17, 18). Recently,
Brautigan et al. suggested that toluene-treated
cells of L. casei synthesize a unique population
of PG in the presence of excess phosphate (4).
This PG could donate GroP units to D-alanyl-
lipophilic LTA, resulting in chain elongation.
This suggestion is supported by the anionic
stimulation of [**C]GroP incorporation into PG
as well as into lipophilic and hydrophilic LTA.
Diglyceride kinase showed a similar anionic
stimulation. Thus, this kinase may play a signifi-
cant role in the rapid turnover of one of the PG
pools and hence in the proposed diglyceride
cycle involved in the elongation of LTA.

Inorganic phosphate is a useful tool for stimu-
lating the in vitro elongation of LTA in toluene-
treated cells of L. casei and the in vitro synthesis
of PG both in membranes and in these treated
cells. One enzyme in the proposed diglyceride
cycle, diglyceride kinase, is stimulated by phos-
phate. The exact mechanism by which phos-
phate and other anions exert their effect is not
known. Further studies on these anionic effects
on individual enzymes in the proposed pathway
may help to define this mechanism more precise-
ly. The physiological role of phosphate in the in
vivo synthesis of LTA is not understood. In
contrast, phosphate has a major, well-defined
effect on the in vivo synthesis of wall teichoic
acid (32). It has been recognized that phosphate-
limited cells of Bacillus subtilis synthesize only
10% of their phospholipid as PG, whereas cells
which are not limited in phosphate synthesize
54% of their phospholipid as PG (20). These
observations can be correlated with those of
Button et al. (D. Button, M. K. Choudhry, and
N. L. Hemmings, Proc. Soc. Gen. Microbiol.
2:45, 1975), who reported a 10-fold decrease in
LTA synthesis in phosphate-limited cells of Ba-
cillus licheniformis. These results, together with
those reported in this paper, suggest a possible
role for phosphate in the in vivo regulation of the
diglyceride cycle described in this organism.
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