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For a purified preparation of the soluble form of phosphatidate phospho-
hydrolase (EC 3.1.3.4) from guinea pig cerebral cortex, 1-O-alkyl-rac-
glycerol 3-phosphate was found to be accepted as a substrate. This substrate
analog was tritium-labeled in order to serve in a rapid sensitive assay for the
enzyme, in which labeled 1-alkyl glycerol is reieased. Heat denaturation and
enzyme activity dependence on pH indicated that 1-O-alkyl-rac-glycerol 3-
phosphate phosphohydrolase and phosphatidate phosphohydrolase activities in the
preparation are attributable to the same enzyme. 1-O-Alkyl-rac-glycerol 3-
phosphate was hydrolyzed with a V,, of 1.7 nmol min~!' mg™' of protein and
a K, of 270 um.

Phosphatidate phosphohydrolase (EC 3.1.3.4) catalyzes the production
of 1,2-diacyl-sn-glycerol from phosphatidic acid and consequently oc-
cupies a possible branch point between neutral lipid and CDP-
diglyceride pathways on the one hand and CDP-choline- and CDP-
ethanolamine-linked phospholipid biosynthesis on the other. In rat liver
there is evidence that this enzyme may be rate limiting in the synthesis of
both neutral lipid (1) and glycerophospholipid (2). In the same tissue, the
activity of phosphatidate phosphohydrolase has been shown to be changed
by a variety of treatments, including starvation (2), carbohydrate-rich
diets (3), subtotal hepatectomy (4), and drugs (5). Triiodothyronine
affects phosphatidate phosphohydrolase activity in rabbit heart (6), and, in
synaptosomes prepared from guinea pig cerebral cortex, this enzymatic
step appears to be stimulated by acetylcholine (7). Despite considerable
interest in phosphatidate phosphohydrolase, its measurement has not been
straightforward. Conventional assays are restricted by several factors, in-
cluding the relative insolubility of phosphatidic acid, the insensitivity of
methods relying upon measurement of inorganic phosphate released, and
the limitations of *2P-labeled substrate relating to the short half-life of the
isotope. We describe here the synthesis of 1-O-hexadecyl-rac-[2-°H]
glycerol 3-phosphate and its applicability as a water-soluble substrate
analog of phosphatidic acid for the assay of phosphatidate phosphohydrolase.
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MATERIALS AND METHODS

Acid phosphatase (potato B grade) was obtained from Calbiochem,
Los Angeles, Calif. as was Bio-Rad AGI-X2, 200-400 mesh. Chimyl
alcohol, hexadecyl iodide, and p-nitrophenylphosphate were from Sigma
Chemical Co., St. Louis, Mo. Sodium boro[*H]hydride (8 Ci/mmol) was
supplied by Amersham/Searle Corp., Arlington Heights, Ill., and [3*P]-
orthophosphoric acid (carrier-free, in 0.02 M HCI) was obtained from New
England Nuclear, Boston, Mass. Other chemicals were of commercially
available reagent grade.

Purification of Phosphatidate Phosphohydrolase (EC 3.1.3.4)

A 20-fold purified preparation of the soluble form of phosphatidate
phosphohydrolase from guinea pig cerebral cortex was used in this
study. An ammonium sulfate—precipitable fraction (0-50%) of a 100,000¢
supernatant was subjected to Sepharose-4B chromatography. Details.of
the purification and characterization of the enzyme are presented else-
where (8).

Preparation of 1-O-Hexadecyl rac-[2-3H]Glycerol 3-Phosphate

1-O-Hexadecyl dihydroxyacetone 3-phosphate was synthesized as out-
lined by Hajra (9), except the intermediate 2-O-hexadecyl glycolic acid
was synthesized by refluxing hexadecyl iodide, ethyl glycolate, and silver
oxide in a molar ratio of 1/2.5/1.5 in xylene for 15 hr. 1-O-Hexadecyl
rac-[2-*H]glycerol 3-phosphate (1-alkyl G3P) was prepared from 1-O-
hexadecyl dihydroxyacetone phosphate by reducing with [FH]NaBH, (10).
The product was purified on a Unisil column (Clarkson Chemical Co.,
Inc., Williamsport, Pa.) and eluted with 3 column volumes of chloro-
form to remove nonpolar contaminants followed by 5 column volumes of
chloroform/methanol (4/1) to elute the 1-alkyl G3P. Purity of the sub-
strate was assessed by thin-layer chromatography on silica-gel G plates
(Uniplate, Analtech Inc., Newark, Del.) developed in chloroform/
methanol/acetic acid/water (100/40/12/4) followed by fluorography (11).
Phosphate content was determined by the method of Ames and Dubin
(12), and radioactivity was measured in an ethanol-toluene scintillant
(200 ml of ethanol, 3640 ml of toluene, 20 g of PPO, and 0.4 g of
POPOP). The purified substrate was stored in chloroform/methanol
(2/1) at =20°C.

Assay of Phosphatidate Phosphohydrolase
1. Membrane-bound Phosphatidic Acid as Substrate

Glycerol 3-[*3P]phosphate was prepared enzymatically by phosphoryla-
tion of glycerol with [y-*2P]ATP (8,13). Membrane-bound [*2P]phos-
phatidic acid (8) was then synthesized by incubating guinea pig liver
microsomes with sn-glycerol 3-[33P]phosphate. After the microsomes were
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heated for 30 min in a boiling water bath, they were dialyzed over-
night against water. Not less than 98% of incorporated radioactivity was
recovered in phosphatidic acid. Phosphatidate phosphohydrolase activity
was assayed by measuring release of [*?Plorthophosphate from the heat-
denatured microsomes (8).

2. 1-O-Hexadecyl rac-[2-*H|Glycerol 3-Phosphate as Substrate

1-Alkyl G3P was dissolved in 100 mm Tris—maleate buffer (pH 7.2) by
warming to 40°C and sonicating briefly (three times for 20 sec in a
Bransonic 2, 60Hz-40W Heat Systems— Ultrasonics Inc., Plainview, N. Y.).
Incubations were at 37°C in a shaking water bath and contained (in a
final volume of 100 ul) 10 umol of Tris—maleate buffer (pH 7.2), 50 nmol
of 1-alkyl G3P (approx 20 uCi/umol), and purified phosphatidate phos-
phohydrolase (5-100 ug of protein). Reactions were initiated by addition
of substrate. Three different procedures were used to terminate reactions
and measure the product formed.

Assay A. The reaction was stopped by adding 1.2 ml of chloroform/
methanol (1/2) followed by 0.6 ml of 50 mmM NaOH and 0.4 ml of
chloroform. After vortex mixing, two phases were separated by brief
centrifugation (700g for 5 min), and a 600-ul sample of the lower
phase was washed twice with 2 ml of the equilibrated upper phase. A
300-i1 sample of the washed lower phase was dried in a scintillation
vial, and 10 ml of ethanol-toluene scintillant were added.

Assay B. After incubation, each sample received 1.4 ml of ice-cold
20 mMm NaOH and 2.0 ml of ice-cold diethyl ether/ethanol (3/1). After
vortex mixing (10 sec) and centrifugation (700¢ for | min), a sample
(1.0 ml) of the upper phase was taken to dryness, and radioactivity
was determined as described above.

Assay C. To terminate the reactions, 100 mg of Bio-Rad AGI1-X2,
200-400 mesh (OH™ form) in 1.5 ml of 90% ethanol at 4°C was added.
After thorough vortex mixing, samples were centrifuged (700g for 10
min), and 1.0 ml of each supernatant was added to 9.0 ml of ethanol-
toluene scintillant containing 10% (v/v) Triton X-100.

Other Determinations

Acid phosphatase was assayed in sodium citrate buffer (100 mm, pH 5.6)
using p-nitrophenylphosphate as substrate (14). Protein was determined by
the method of Lowry et al. (15) with bovine serum albumin (Pentex,
Miles Labs. Inc., Elkhart, Ind.) as standard.

RESULTS
Characterization of Assay Conditions

The standard assay mixture consisted of 100 mm Tris—maleate buffer
(pH 7.2), 0.5 mM 1-alkyl [2-*H]G3P (approx. 20 wCi/umole) and purified
phosphatidate phosphohydrolase in a total volume of 100 ul.



22 BLEASDALE ET AL.

Inclusion of EDTA (5 mM) in the assay medium did not affect 1-alkyl
G3P phosphohydrolase activity in this preparation but did stimulate
cruder preparations. With 5 mm MgCl,, an inhibition of approximately
80% was obtained. Under the same conditions, hydrolysis of membrane-
bound phosphatidate was inhibited about 65% (8). When 5 mg/ml bovine
serum albumin (BSA) was added to the assay medium, an inhibition of
about 20% was observed. At high dilutions of enzyme, however, denatura-
tion occurred, and this could be prevented by the above concentration
of BSA. The effectiveness of the three assay procedures for separating
product and unused substrate was assessed by measuring the percentage
recovery of product and the percentage of added substrate (1-alkyl G3P)
extracted with the product. From six determinations, the values (means
+ SD) for percentage of product and substrate were found to be as
follows: Procedure A, 96.7 + 0.9 and 0.41 = 0.01; Procedure B, 100.4
+ 1.4 and 0.65 + 0.01; Procedure C, 95.8 + 2.2 and 2.05 = 0.09. While
Procedure C was the most rapid, it gave higher blank values and could
not be used at enzyme concentrations greater than 1 mg of protein/ml
without first deproteinizing the sample. The data presented below were
obtained using Procedure B. When the products of the enzyme reaction
were subjected to thin-layer chromatography on silica gel plates (silica gel
60, 0.25-mm layer, Brinkmann Instruments, Inc., Des Plaines, Ill.) de-
veloped in chloroform/methanol/acetic acid/water (100/40/12/4 by vol),
more than 95% of the applied radioactivity was recovered in a spot co-
migrating with chimyl alcohol.

The assay procedure gave linear rates of hydrolysis with increasing
time and enzyme concentration (Fig. 1). Assays were routinely performed
for 30 min with 0.8 mg of protein/ml.

Characterization of 1-Alkyl G3P Phosphohydrolase Activity

Several criteria indicated that the enzyme activity measured by the
described assay was attributable to phosphatidate phosphohydrolase. First
of all, the possibility that the hydrolysis was catalyzed by acid phosphatase
seems unlikely since the enzyme preparation would not hydrolyze p-
nitrophenylphosphate in citrate buffer (pH 5.6). Conversely, purified
acid phosphatase from potato did not hydrolyze 1-alkyl G3P. Furthermore,
the observed pH optimum of 7.2 (Fig. 2) tends to rule out both
acid and alkaline phosphatases as the enzyme responsible for the observed
phosphohydrolase activity. The pH profile closely resembled that ob-
tained when membrane-bound phosphatidic acid was used as substrate.
The apparent small difference in pH optima is not surprising since the
physical states of the two substrates are quite different. In other studies
with the membrane-bound substrate, the pH profile was found to be
somewhat dependent upon the source of microsomes used for prepara-
tion of the substrate (8).

Enzyme activity was rapidly lost when the preparation was heated at
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FiG. 1. Linearity of assay with protein concentration and time. Assay conditions were
as described in the text, and Procedure B was used to measure the product formed
(mean of six determinations).

70°C. The loss of 1-alkyl G3P phosphohydrolase activity closely paralleled
the disappearance of phosphatidate phosphohydrolase activity (Fig. 3).
When the data are expressed as log percentage activity remaining against
time (Fig. 3, inset), the points fall on a straight line indicating a first-
order reaction; this suggests that both phosphohydrolase activities can
be ascribed to a single enzyme.

Figure 4 shows the dependence of 1-alkyl G3P phosphohydrolase
activity on 1-alkyl G3P concentration. The data shown give a K, of 270
uM and a Vo, of 1.7 nmol min~! mg~! of protein. Although a smooth
curve has been used to fit the data, a break in the curve between 200
and 400 uM cannot be ruled out. In this range, the micellar form of
the substrate would begin to predominate (the critical micellar con-
centration of hexadecyl! dihydroxyacetone phosphate has been estimated
to be greater than 150 uM) (17). When phosphatidate phosphohydrolase
activity was measured using membrane-bound phosphatidate, a K, of 25
uM and a Vg, of 0.8 nmol min~' mg~' of protein were obtained (8).
Experiments in which the release of [*2P] orthophosphate from *:P-labeled
membrane-bound phosphatidic acid was measured in the presence of
unlabeled 1-alkyl G3P suggested competitive inhibition (18).
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FiG. 2. The dependence of phosphatidate phosphohydrolase activity on pH using (O)
membrane-bound [*2P]phosphatidic acid or (@) 1-alkyl [2-°H]-G3P as substrate. With 1-alkyl
[2-3H]G3P the buffer was 100 mM Tris-maleate (25), and the buffer for the membrane-
bound substrate was 50 mm Tris—maleate (pH 5.0 to 7.5) and 50 mM Tris-HCI (pH 7.0
to 9.0) (8). Incubations were with 80 ug of protein, and heated-enzyme (10 min at 70°C)
blank values were determined at each pH value (mean of three experiments).

DISCUSSION

The assays thus far employed for determining phosphatidate phospho-
hydrolase activity involve measuring either the release of inorganic
phosphate from aqueous dispersions of phosphatidic acid (19), the release
of [#Plorthophosphate from heat-denatured microsomes containing
[32P]phosphatidic acid (8), or the production of [*C]palmitate-containing
neutral lipid (presumably diglyceride) from denatured microsomes con-
taining glycerolipid labeled with [“C]palmitate (20). None of these
methods is completely satisfactory. The first method lacks sensitivity,
while the preparation of membrane-bound phosphate-labeled phos-
phatidate is inconvenient because the relatively short half-life of 3P (and
33P as well) prohibits storage of substrates for long periods. Assays
employing [**C]palmitate-labeled microsomes lack specificity, since up to
25% of the incorporated isotope is in glycerolipids other than phosphatidic
acid (4). While this #C-labeled substrate can be stored for long
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Fi1G. 3. Heat denaturation of phosphatidate phosphohydrolase using (O) membrane-bound
[32P}phosphatidic acid and (@) 1-alkyl {2-*H]-G3P as substrate (mean of three experiments).

periods, it is destroyed by repeated freeze—thawing (4). In all these
assay procedures, the substrate is poorly soluble, and the enzyme
kinetics obtained from such suspensions are often difficult to interpret,
The substrate analog described here (1-O-hexadecyl-rac-[2-*H]glycerol
3-phosphate) can be synthesized at high specific radioactivity and has
been stored at —20°C in chloroform/methanol (2/1) for 3 months without
detriment. Since it was necessary to raise the pH above 9 (16) for effective
partitioning of substrate and product (Assays A and B), the alkali-labile
analog 1-acyl G3P, could not be used. In experiments (not shown) where
1-acyl glycerol 3-[**Plphosphate was used as substrate and release of
[**Plorthophosphate was measured, a K, value was obtained close to
that for 1-alkyl G3P. The affinity of the enzyme for 1-alkyl G3P is
much less than for membrane-bound phosphatidate, but the maximum
reaction velocity is considerably higher for 1-alkyl G3P. 1-Acyl G3P
(Iysophosphatidate) has previously been reported as a good substrate for
phosphatidate phosphohydrolase from E. coli (21), rat liver microsomes
(22), and mitochondria from hamster intestinal mucosa (23). Using a
purified phosphatidate phosphohydrolase preparation from rat liver as
described by Lamb and Fallon (1), we found 1-alkyl G3P to be
hydrolyzed at a faster rate than phosphatidate. Phosphatidate phospho-
hydrolase occurs in a membrane-bound form in human amniotic fluid
(24), and in this instance both the affinity and V. are higher for 1-
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FiG. 4. The effect of i-alkyl G3P concentration on phosphatidate phosphohydrolase
activity. Varying amounts of 2.0 mM 1-alkyl G3P in 100 mM Tris—maleate (pH 7.2) were added
to each incubation. Reactions were started with the addition of enzyme (80 ug of protein) and
terminated as described in the text (Procedure B) after 30 min at 37°C. A reciprocal plot
of the data (inset) yields a K, value of 270 uM and a V,, of 1.68 nmol min~"' mg™* of protein.

alkyl G3P than for aqueous dispersions of phosphatidic acid (25). While
lysophosphatidic acid should not be ruled out as a physiological sub-
strate, part of the observed high V., may be due simply to 1-alkyl G3P
being more soluble than phosphatidic acid. When considering membrane-
bound forms of phosphatidate phosphohydrolase, the efficacy of lyso-
substrates may be related to their detergent properties. It should be
noted that other considerations argue in favor of the conclusion that
hydrolysis of phosphatidic acid and the model substrate are catalyzed
by the same enzyme. In analogous studies, similar effects from Mg, EDTA,
and albumin were found not only for the brain enzyme (8) but
also for the phosphohydrolase in amniotic fluid (25,26). In amniotic fluid,
physiological variation in activity as related to fetal lung maturity
shows good correspondence between the two substrates.

The sensitivity of the new assay is limited only by the specific
radioactivity of the [*H]NaBH, used to prepare the synthetic substrate.
Since the reagent is routinely available at specific radioactivities greater
than 10 Ci/mmol, even greater sensitivity than is described here should
be attainable if desired.
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