ASBMB

JOURNAL OF LIPID RESEARCH

I

Glycerolipid synthesis in rat

adipose tissue. Ill. Properties and
distribution of phosphatidate phosphatase

S. C. Jamdar and H. J. Fallon

Departments of Medicine and Pharmacology, University of North
Carolina School of Medicine, Chapel Hill, North Carolina 27514

Abstract The properties and subcellular distribution of phos-
phatidate phosphatase (EC 3.1.3.4) from adipose tissue have
been investigated. The enzyme was assayed using both aqueous
phosphatidate and membrane-bound phosphatidate as substrates.
When measured with aqueous substrate, activity was detected in
the mitochondria, the microsomes, and the soluble fraction.
Mg2+ at low concentration stimulated the phosphatidate phos-
phatase from soluble and microsomal fractions but had no effect
on the mitochondrial phosphatidate phosphatase. At higher con-
centration Mg2+ was inhibitory. In the presence of Mg2+, the
phosphatidate phosphatase from soluble and microsomal frac-
tions was active against membrane-bound phosphatidate. No
activity was demonstrated with membrane-bound substrate in
the absence of Mg2+. Mitochondria did not contain activity
toward the membrane-bound substrate. The rate of utilization of
aqueous phosphatidate was always higher than that of mem-
brane-bound substrate. These results indicate that there are at
least two different phosphatidate phosphatases in adipose tissue.

Supplementary key words aqueous phosphatidate - membrane-

bound phosphatidate - Mg2+

Phosphatidate phosphatase (EC 3.1.3.4) catalyzes the
release of orthophosphate from sn-1,2-diacylglycerol-3-
phosphate to form 1,2-diglyceride, an intermediate reac-
tion in neutral lipid formation from sn-glycerol-3-P. The
presence of this enzyme has been reported in several
tissues including adipose tissue (1-10). The properties of
this enzyme from chicken liver, rat liver, pig kidney, and
erythrocytes have been studied in some detail (1, 4, 6, 7).

The subcellular distribution pattern of phosphatidate
phosphatase is unusual. The enzyme is found in the mito-
chondria, lysosomes, microsomes, and cytosol from various
tissues (1, 4). Although the enzyme is located in the dif-
ferent compartments of the cell, studies by Smith et al.
(11) and Lamb and Fallon (12) with liver and of Johnston

et al. (13) with intestine suggest that the cytoplasmic phos-
phatidate phosphatase is primarily involved in neutral
lipid formation by these tissues while the particulate en-
zyme plays a less important role.

In contrast, recent evidence from this laboratory
suggests that in the presence of Mg?2+, adipose tissue mi-
crosomes are more active than cytosol in utilizing mem-
brane bound phosphatidate to form 1,2-diglyceride (10).
This observation is extended further and is the basis for
the present investigation of the properties of adipose tissue
phosphatidate phosphatase.

MATERIALS AND METHODS

Egg lecithin was obtained from Sigma Chemical Co.,
St. Louis, Mo. Phospholipase D was purchased from
Boehringer Mannheim, New York. Other chemicals and
the experimental animals were purchased from the sources
reported previously (10).

Preparation of substrates

Phosphatidate was prepared from egg lecithin by the
action of phospholipase D (14). The purity of this prepa-
ration was determined by chromatography on silica gel G
plates (Rg 0.34) with the solvent system CHCI;-
CH3;OH-3 N NH,OH 130:70:16 (15). The preparation
was dissolved in 5 ml of diethyl ether and dispersed in
water with sonication. The diethyl ether was evaporated
under nitrogen before the substrate was used. The amount
of phosphatidate recovered was determined by hydroxa-
mate formation (16).

Membrane-bound phosphatidate was prepared by incu-
bating sn-{U-14C]glycerol-3-P and palmitoyl CoA with

Abbreviations: sn-glycerol-3-P, sn-glycerol-3-phosphate.
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Fig. 1. Utilization of aqueous phosphatidate by different subcellular
fractions. The mitochondrial and microsomal enzymes were assayed at
pH 6.8 and the soluble enzyme at pH 7.5 in the presence O or absence
& of Mg2+. MT, mitochondria; MC, microsomes; S, soluble fraction;
and H, homogenate. Each value represents the mean + SEM of assays
using tissue fractions of five or six rats.

adipose tissue microsomes at 37°C for 10 min. The reac-
tion was stopped by the addition of cold 0.05 M Tris~-
HCI buffer, pH 7.5, and the mixture was centrifuged at
160,000 g for 45 min. The resulting pellet was washed
once with Tris buffer and suspended in the same buffer by
gentle homogenization. This suspension was heated at
100°C for 5 min to destroy intrinsic phosphatase activity
and was rehomogenized before use. For large-scale prepa-
ration of membrane-bound substrate, liver microsomes
were used. Liver microsomes were incubated in the pres-
ence of Tris buffer, pH 7.5. The incubation system con-
tained, in a final volume of 0.7 ml, 49 mM Tris, 17.5
mM KCI, 0.71 mM dithiothreitol, 0.039 mM CoA, 3.55
mM ATP, 3.44 mM Mg2?+, 3 mM sn-glycerol-3-P, 1.42
mM palmitate (0.54 pCi/umole), 1.25 mg of fatty acid-
poor albumin, 50 mM NaF, and 0.4-0.6 mg of micro-
somal protein. Incubation was at 37°C for 1 hr. The reac-
tion was stopped by adding 0.05 M cold Tris buffer, pH
7.5, and the membrane-bound substrate was isolated by
the same procedure described for the adipose tissue micro-
some preparations.

Preparation of subcellular fractions

Epididymal adipose tissue obtained from two or three
rats was homogenized with 3 vol of cold buffer containing
0.25 M sucrose, 1 mM Tris, pH 7.4, and 1 mM EDTA.
The subcellular fractions were prepared as described pre-
viously (10).

Phosphatidate phosphatase

The standard assay was conducted in a final volume of
1 ml containing 100 mM Tris-maleate buffer, pH 6.8 or
7.5, and 1.2 mM aqueous phosphatidate. The reaction
was started by the addition of 0.1-0.2 ml of subcellular
fraction and the mixture was incubated at 37°C for 30
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TABLE 1. Intracellular distribution of phosphatidate phosphatase

Mg2+-independent ~ Mg2+-dependent

Phosphatase Phosphatase Protein
%of  Specific  %of  Specific %ol
Fraction Total  Activity ~ Total  Activity — Total
Fat-free homogenate 100 1 100 1 100
Mitochondria 27 3 1 0.1 9
Microsomes 42 5.2 20 2.25 8
Cytosol 20 0.26 70 0.9 75

Assays were conducted with aqueous phosphatidate as described in
Methods. The results are expressed both as percentage of total activity of
fat-free homogenate and as relative specific activity with respect to pro-
tein, using fat-free homogenate activity equal to 1.

min in a shaking water bath. The reaction was terminated
by the addition of 1 ml of 10% trichloroacetic acid. Pro-
tein was collected by centrifugation, and inorganic phos-
phate in the protein-free supernate was estimated accord-
ing to Ames and Dubin (17). The difference in the phos-
phate content between the experimental reaction and the
reaction stopped at zero time was taken as a measure of
phosphatidate phosphatase activity. The enzyme units are
expressed as nmoles of inorganic phosphate released /min/
mg protein.

The soluble fraction and the homogenate were dialyzed
at 4°C for 2-3 hr against several volumes of 0.02 M Tris~
maleate buffer, pH 7.0, to remove endogenous inorganic
phosphate and EDTA. This treatment was not necessary
for mitochondria and microsomes because these fractions
contained negligible amounts of free phosphates and were
suspended in a buffer containing no EDTA.

Phosphatidate phosphatase was also measured by using
membrane-bound radioactive phosphatidate as substrate.
The reaction mixture contained 60 mM Tris buffer, pH
7.5, and 0.1-0.2 ml of a suspension of membrane-bound
phosphatidate containing 120 nmoles of [!*C]phospha-
tidate (1-2 mg of microsomal protein). The reaction was
initiated by the addition of 0.2 ml of different subcellular
fractions. The contents were incubated at 37°C in a shak-
ing water bath. Diglyceride formation was linear up to 30
min, and the reaction was terminated by the addition of
10 ml of chloroform—-methanol 2:1. Lipids were extracted,
washed as described by Folch, Lees, and Sloane Stanley
(18), and dried under nitrogen. Lipids were dissolved in 1
ml of benzene and stored at —40°C.

The radioactive products were separated by thin-layer
chromatography and identified by using authentic lipid
standards. The best separation of phosphatidate was
achieved with chloroform-methanol-3 N ammonium hy-
droxide 130:70:16 (15). Neutral lipids were separated
with hexane—ether-acetic acid 146:50:4 (19). Lipids were
visualized by exposure of the plates to iodine. Appropriate
areas from the plates were scraped directly into scintilla-
tion vials containing 10 ml of Liquifluor and toluene mix-
ture. The radioactivity was counted in a Beckman LS-250
liquid scintillation counter at room temperature.
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The rate of phosphatidate utilization also was estimated
by conducting a glycerophosphate acyltransferase assay in
the absence and presence of Mg?+ as described previously
(10). The reaction mixture contained 25 mM Tris, pH
7.5, 50 mM KCl, 0.42 mM sn-glycerol-3-P, 0.1 uCi of
sn-[U-14C]glycerol-3-P, 0.7 mM dithiothreitol, 0.065
mM palmitoyl CoA, 1.25 mg of fatty acid-poor albumin,
1 mM Mg2+, and 0.2 ml of a suspension of mitochon-
dria or microsomes containing 0.15-0.2 mg of protein. In
the absence of Mg?+, the major reaction product formed
was phosphatidate. When Mg2* was included in the reac-
tion mixture, neutral lipids were formed at the expense of
phosphatidate. The difference in neutral lipid formation
with or without Mg?2+ reflects phosphatidate phosphatase
activity and is expressed as nmoles of neutral lipid
formed/min/mg protein. In some experiments the rate of
utilization of membrane-bound substrate is expressed as a
ratio of diglyceride to phosphatidate.

Protein was determined by the procedure of Lowry et
al. (20) with crystalline bovine albumin as the standard.

RESULTS

Subcellular distribution and characteristics of
enzyme reaction

The subcellular distribution of phosphatidate phospha-
tase as measured with an aqueous dispersion of phospha-
tidate is shown in Table 1. In the absence of Mg2+, 69%
of phosphatase activity was present in the particulate frac-
tion; the remaining activity was in the soluble fraction.
The specific activities of the mitochondrial and microsom-
al enzymes were several times higher than that of the sol-
uble enzyme (Fig. 1). Similar results have been described
for liver, intestine, and adipose tissue phosphatidate phos-
phatase (9, 11, 13). Addition of Mg2+ resulted in an acti-
vation of microsomal and soluble phosphatidate phospha-
tase. The portion of phosphatidate phosphatase that did
not require Mg2+ for its activity was designated here as
Mg2+-independent enzyme. The Mg2+-activated portion
of this enzyme was termed as Mg2+*-dependent phospha-
tidate phosphatase. This terminology has been used earlier
by Hokin, Hokin, and Mathison (6) to distinguish two
types of phosphatidate phosphatases from erythrocyte
membranes.

The major portion of Mg2+*-dependent phosphatase
was present in the soluble fraction and only 20% was
found in the microsomal fraction. The mitochondrial frac-
tion did not contain Mg2+-dependent phosphatidate phos-
phatase. Since Mg2* activates phosphatidate phosphatase,
the higher specific activity of the Mg2+-independent en-
zyme in the particulate fractions compared with soluble
fraction might have been due to the difference in the in-
trinsic concentration of Mg2+* in these fractions. However,
measurements of Mg2* in these fractions did not indicate
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Fig. 2. Utilization of aqueous substrate as a function of protein con-
centration (4) and as a function of time (B). The mitochondrial, micro-
somal, and soluble fractions contained 1 mg, 0.8 M8, and 2.4 mg of pro-
tein/ml, respectively. Assays were conducted in the presence (solid sym-
bols) or absence (open symbols) of Mg?*. The final concentration of
Mg?2t was 1 mM for microsomal enzyme (&) and 5 mM for soluble en-
zyme (@). The mitochondrial enzyme (O) was assayed only in the ab-
sence of Mg2+.

such a possibility. The concentration of Mg2*+ was 0.66,
0.4, and 2.09 pg/mg of protein for mitochondrial, micro-
somal, and soluble fractions, respectively.

The reaction velocity was proportional to the concen-

-tration of protein over a limited range, as shown in Fig.

2A. Assays performed over this concentration range were
linear for 60 min (Fig. 2B). Since the soluble and micro-
somal enzymes were activated by Mg2*, the effect of sub-
strate concentration on the reaction velocity was studied in
the presence and absence of Mg2+. From these data a ten-
tative Michaelis-Menten constant, K,,, was calculated to
be 5.5 X 10-* M for the mitochondrial and microsomal
enzyme. In the presence of 1| mM Mg?*, the K, for mi-
crosomal enzyme decreased to 2.4 X 10~* M. Soluble
phosphatidate phosphatase was assayed in the presence of
5mM Mg2+ and had a Ky of 1.6 X 10-* M (Fig. 3).

The subcellular fractions contained phosphatase activity
toward «- and B-glycerophosphates as well as phospha-
tidate (Table 2). However, the rate of utilization of these
substrates was substantially lower than for phosphatidate
and was unaffected by the addition of Mg2*. Moreover,
the enzyme that utilized these substrates was not saturated
with the substrate concentration used in the phosphatidate
phosphatase assay.

The optimal pH for the mitochondrial and microsomal
enzyme was 6.8 (Fig. 4). However, the activation of phos-
phatidate phosphatase by Mg?+* was greater at pH 7.5
than 6.8 (Fig. 5). Since the soluble enzyme was complete-
ly Mg2+-dependent, it was usually assayed at pH 7.5 in-
stead of at pH 6.8. The optimal pH for the microsomal
enzyme utilizing a-glycerophosphate was 4.5.

Effect of Mg2+ on phosphatidate phosphatase

The effect of Mg2+ on phosphatidate phosphatase has
been studied in several tissues (1, 4, 6). In some tissues,
Mg?+ was shown to stimulate phosphatidate phosphatase,
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Fig. 3. A double reciprocal plot of release of inorganic phosphate from
L-a-phosphatidate as a function of L-a-phosphatidate concentration. In-
cubation conditions were identical with the standard assay except for
different concentrations of L-a-phosphatidate. Assays were conducted
with microsomes in the presence (&) or absence (A) of Mg?+. Mitochon-
dria (O) were studied without Mg2?+ and soluble fraction with Mg?+
(®). V, nmoles of P, released/min/mg protein.

while in others it was inhibitory. Fig. 5 shows the effect of
Mg2+ on phosphatidate phosphatase in adipose tissue.
The concentration of Mg2* that produced maximum
stimulation of phosphatidate phosphatase varied from 1 to
5 mM with various preparations. In the standard assay,
the concentration of Mg2+ was usually 1 mM for the mi-
crosomal enzyme and 5 mM for the soluble enzyme. At

TABLE 2. Substrate specificity of phosphatidate phosphatase

Concen- s
Substrate tration of Mito- Micro-
Concentration Mg2+ chondria somes Cytosol
nmoles P.-|relea:ed/min/mgprotein

Aqueous phospha- 11 20 1.2
tidate, 1.2 mM 1 mM 9.5 38 5.6
2.5mM 7.5 30 8.8
a-Glycerophos- 22 8 1.6
phate, 1.2 mM 1 mM 33 8 2.0
2.5mM 2.8 8 1.4
6 mM 6.5 19 1.6
1 mM 7.0 19 2.8
2.5mM 7.0 19 2.0
B-Glycerophos- 2.3 4.8 1.6
phate, 1.2 mM 1 mM 2.8 4.8 2.8
2.5mM 2.5 4.5 2.8
6 mM 6.3 9.1 1.6
1 mM 7.5 10.1 2.4
2.5mM 7.5 9.6 2.0

The standard assay was conducted in duplicate, as described in Meth-
ods, in the presence of aqueous phosphatidate or a- or @-glycerophos-
phates as substrates. Microsomes incubated with 25 mM and 50 mM
a-glycerophosphate gave reaction rates of 25 and 33 nmoles P;/min/mg
protein, respectively.
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Fig. 4. Phosphatidate utilization as a function of the pH of the 0.2 M

Tris~maleate buffer. O, mitochondria; A, microsomes; {3, soluble frac-
tion.

higher concentrations, Mg2* inhibited the phosphatidate
phosphatase from the three fractions.

The effect of EDTA on phosphatidate phosphatase is
shown in Fig. 6. Addition of EDTA abolished completely
the Mg?+-stimulated activity from both the soluble and
microsomal fractions. However, EDTA had no effect on
the mitochondrial activity or on a portion of the micro-
somal phosphatidate phosphatase that was not stimulated
by Mg2+. The small activity associated with the soluble
fraction in the absence of Mg2+ was diminished with the
addition of EDTA. Preparation of mitochondria and mi-
crosomes in the presence of 50 mM EDTA or EGTA
did not affect the Mg2+*-independent phosphatidate phos-
phatase from these fractions. Therefore, these studies
suggest that there may be two phosphatidate phosphatases
in adipose tissue, Mg?*-dependent and Mg?*-indepen-
dent.

Utilization of membrane-bound substrate

In most of the earlier studies, phosphatidate phospha-
tase was measured in the presence of an aqueous disper-
sion of phosphatidate as substrate (1-9). More recently,
Smith et al. (11) and Johnston et al. (13) measured this
enzyme from liver and intestine by using both aqueous
phosphatidate and membrane-bound phosphatidate as
substrates. These workers observed that the particulate
enzyme, which was most active against aqueous substrate,
utilized membrane-bound substrate poorly. Conversely,
the soluble enzyme was less active against aqueous phos-
phatidate and utilized the membrane-bound substrate effi-
ciently. These studies were the first to establish a role for
the soluble phosphatidate phosphatase in neutral lipid for-
mation in liver and intestine. They also demonstrated the
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Fig. 5. Activation of phosphatidate phosphatase by Mg2+ at two dif-
ferent pH values, 6.8 (dashed lines) and 7.5 (solid lines). A, microsomal
enzyme; B, soluble enzyme.

importance of membrane-bound substrates in assays of en-
zymes utilizing lipid substrates.

Although the soluble enzyme is apparently important in
neutral lipid formation in liver and intestine, the situation
in adipose tissue seems to be different. Our earlier (10)
and present studies show that in the presence of Mg2+,
microsomal enzyme from adipose tissue utilizes the mem-
brane-bound substrate more actively than the soluble en-
zyme. Table 3 shows the effect of Mg2+ on utilization of
membrane-bound substrate. The membrane-bound sub-
strate was prepared in the presence of palmitoyl CoA and
sn-[U-14C]glycerol-3-P under the conditions of the glyc-
erophosphate acyltransferase assay as described previous-
ly (10). Microsomes used for the preparation of mem-
brane-bound phosphatidate were active against this endog-
enous substrate. In the absence of Mg?2+, the major lipid
formed with sn-glycerol-3-P and palmitoyl CoA was phos-
phatidate. Addition of Mg2+ resulted in an increased for-
mation of neutral lipids at the expense of phosphatidate.
The activity of this enzyme was estimated from the rate of
neutral lipid formation in the presence or absence of
Mg2+. The rate for microsomal enzyme was 6.65 nmoles/
min/mg protein in the presence of Mg2+ and 0.65
nmoles/min/mg protein in the absence of Mg2?+. When
Mg?2*-pretreated microsomes were incubated with palmit-
oyl CoA and sn-[!4Clglycerol-3-P in the absence of addi-
tional Mg2*, the rate of neutral lipid formation was 3.65
nmoles/min/mg protein. However, this rate was signifi-
cantly lower than when Mg2+ was present throughout the
incubation (6.65 nmoles/min/mg protein). The rate of
utilization of membrane substrate by the mitochondrial
phosphatidate phosphatase was significantly low and was
not changed by the addition of Mg?2+. Since the substrate
was membrane-bound, no kinetic constants were derived
from these data.

In some experiments, both membrane-bound and aque-
ous phosphatidate were used simultaneously to assay the
particulate and soluble enzymes, as shown in Fig. 7. The
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Fig. 6. Effect of EDTA on phosphatidate phosflatase. Assays were
conducted in the presence (solid symbols) or absence (open symbols) of
Mg?+ with variable concentration of EDTA. A, A, microsomal enzyme;
O, @, mitochondrial enzyme; 3, '@, soluble enzyme. Concentration of
Mg?+ was 1 mM for microsomes and 5 mM for soluble enzyme.

membrane-bound substrate was prepared by using adipose
tissue microsomes as described in Methods. In the absence
of Mg?+, the aqueous substrate was utilized at a similar
rate as observed earlier. However, the membrane-bound
substrate remained unused. Addition of Mg2+ resulted in
an increased utilization of both substrates by microsomal
and soluble enzymes. These results indicate that Mg2+-
dependent phosphatidate* phosphatase is responsible for
the utilization of membrane-bound substrate, and in adi-
pose tissue this is localized in both the microsomal and
soluble fractions. The mitochondrial enzyme did not uti-
lize membrane-bound substrate, and the rate of aqueous
phosphatidate utilization was not increased in the pres-
ence of Mg2+.

TABLE 3. Utilization of membrane-bound phosphatidate
by phosphatidate phosphatase

Addi- Increased
Subcellular tion of NLby Ratio
Fraction Mg?2+ PA® NLb Mg2?+ NL/PA
nmoles liprd/min/mg protein
Microsomes (10)¢ - 5.07 0.65 0.13
+ 0.7 + 0.14
+ 212 7.3 6.65 3.4
+033 =+055
Pretreated microsomes - 24 3.8 315 1.8
Mitochondria (5)° - 2.3 0.55 0.23
+0.3 =+ 0.11
+ 4.6 0.72 0.17  0.15
+0.8 + 0.2

Membrane-bound phosphatidate was prepared by conducting the glyé-
erophosphate acyltransferase assay in the presence of sn-glycerol-3-phos-
phate and palmitoyl CoA with or without 1 mM Mg?2+, as described in
Methods. Each value represents the mean + SEM of assays using tissue
fractions from 5-10 rats. In one experiment, microsomes were pretreated
with Mg2+ at 37°C for 5 min. Excess Mg2* was removed by centrifuging
the microsomes at 160,000 g for 45 min. The resulting pellet was washed
once with 5 ml of Tris buffer, pH 7.5, and centrifuged again. These micro-
somes were then used for the assay.

“PA, phosphatidate.

6NL, neutral lipids.

“Number of experiments.
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Fig. 7. Utilizatiof of aqueous and membrane-bound phosphatidate.
Assays were conducted with aqueous (---) and membrane-bound (—)
phosphatidate in the presence or absence of Mg2+. The assay mixture
contained 60 mM Tris-maleate buffer, pH 7.5, and 1.2 umoles of aque-
ous phosphatidate or 120 nmoles of membrane-bound [!*C]phospha-
tidate prepared by using adipose tissue microsomes. The reaction was
started with 0.2 ml of different subcellular fractions containing 0.1-0.3
mg of protein. After a 20-min incubation at 37°C, the reaction was ter-
minated. The release of Py and the formation of [!4C]diglyceride were
determined as described in Methods. @, mitochondria; A, microsomes;
@, soluble fraction.

Phosphatidate phosphatase from soluble and microsom-
al fractions of adipose tissue was also active against the
membrane-bound phosphatidate obtained from liver mi-
crosomes (Table 4). Since this substrate was prepared in
the presence of Mg2+, the concentration of Mg?* in this
preparation was sufficient to activate phosphatidate phos-
phatase of either the soluble or microsomal fraction, and
further addition of Mg?* was not required. In fact, fur-
ther addition of Mg2+ was inhibitory. However, the utili-

TABLE 4.  Effect of divalent cations on utilization of
membrane-bound phosphatidate

Microsomes .__Soluble Fraction
Addition PA¢ NL? NL/PA PA NL NL/PA
nmoles nmoles
None 87 43.7 0.49 92 37 0.40
Mg2+ 101 22 0.21 101 17 0.16
Co2+ 128 10.5 0.08 88 7.0 0.07
Niz+ 110 1 0.10 106 7.4 0.07
Fe2+t 97 22.4 0.23 84 26.6 0.31
Zn2+ 107 10.0 0.09 97 10.0 0.10
Cu2+ 104 7.1 0.06 114 9.2 0.08
Mn2+ 103 9.0 0.08 107 10.0 0.09

EDTA (5 mM) 104 8.0 0.07 107 8.0 0.08

Membrane-bound substrate was prepared in the presence of [!1C]pal-
mitate, ATP, CoA, Mg2+, NaF, and sn-glycerol-3-phosphate with liver
microsomes, as described in Methods. Incubation mixture contained 60
mM Tris-maleate buffer, pH 7.5, and 0.2 ml (1.0 mg of protein) of mem-
brane-bound substrate containing 120 nmoles of [!4C]phosphatidate and
8 nmoles of !4C-labeled neutral lipids (NL/PA = 0.06). All cations were
added as chloride salts at neutral pH. The final concentration of each ion
was 1 mM. The reaction was started by the addition of 0.2 ml of microsom-
al or soluble fraction containing 0.272 mg and 0.332 mg of protein,
respectively. After a 30-min incubation at 37°C, the reaction was stopped
by the addition of 10 ml of chloroform-methanol 2:1. Lipids were ex-
tracted and separated by thin-layer chromatography as described in
Methods.

“PA, phosphatidate.

BNL, neutral lipids.
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zation of this substrate was dependent on Mg2*. This
was evident from the impairment in the utilization of
membrane-bound substrate by the soluble or microsomal
phosphatidate phosphatase in the presence of EDTA.

The utilization of membrane-bound substrate by the
microsomal and soluble enzymes was completely inhibited
by Zn2%*, Cu2*, Ni2+, Co?*, and Mn?+. The effect of
these divalent ions on the utilization of aqueous phospha-
tidate was also studied (Table 5). At 1 mM concentration,
Zn?* and Cu?* caused more than 50% inhibition of mi-
crosomal phosphatidate phosphatase. Several of these di-
valent cations also abolished the stimulatory effect of
Mg2* on microsomal and soluble phosphatidate phospha-
tase. Antagonism of Mg2* effect by these divalent cations
was greater at pH 7.5 than at pH 6.8.

DISCUSSION

In this investigation, phosphatidate phosphatase from
adipose tissue was assayed in the presence of both aqueous
phosphatidate and membrane-bound phosphatidate as
proposed by Hiibscher et al. (21). When aqueous phospha-
tidate was used as substrate, the presence of this enzyme
was detected in the particulate and soluble fractions. The
major portion of the phosphatidate phosphatase was found
in the mitochondria and microsomes. The cytosol fraction
containéd much lower activity. Similar observations have
been reported for liver and intestine (11, 13).

Mg?2+ had an effect on phosphatidate phosphatase that
differed from that of several other divalent ions studied. At
lower concentration, Mg2+ stimulated the phosphatidate
phosphatase from microsomal and soluble fractions. The
activation of this enzyme by Mg?* was greater at pH 7.5

TABLE 5. Effect of divalent cations on utilization of
aqueous phosphatidate

Soluble
Microsomes Fraction
Addition pH68 pH7.5 pH7.5
nmoles Pjreleased/min/mg protein
None 18.2 14.6 1.2
Mg?+ 30.2 32.8 8.8
Co2+ 16.1 1.2
Nij2+ 18.6 1.6
Mn?+ 12.6 1.9
Ca2+ 15.6 1.1
Fe2+ 17.6 1.0
Cu2+ 8.2 0.68
Zn?+ 5.2 0.43
NaF (50 mM) 2.6 0.12
Mg?+ + Zn2+ 4.8 3.8 0.8
Mg?+ 4 Co2+ 30.8 5.9 2.3
Mg?+ + Ni2+ 33.0 2.8 2.6
Mg?2+ 4+ Mn2+ 8.6 - 2.9 1.8

Assay conditions were described in Methods. All divalent cations were
added as chloride salts at pH 7.0. The final concentration of each ion was
1 mM. In some experiments, microsomes were assayed at pH 6.8 and
7.5 in the presence of Mg2+ and different divalent cations. The soluble
enzyme was assayed at pH 7.5.
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than at pH 6.8. The mitochondrial enzyme was not stim-
ulated by Mg2+. At higher concentration, Mg2* inhibited
the phosphatidate phosphatase from all three fractions.
The stimulation of this enzyme by Mg2+ at low concen-
tration and the inhibition at high concentration have been
reported earlier by Sedgwick and Hiibscher (8) with rat
liver mitochondrial enzyme and by Hokin et al. (6) with
erythrocyte phosphatidate phosphatase.

In the presence of EDTA, the MgZ2+-stimulated enzyme
from the microsomal and soluble fractions was completely
inhibited. However, EDTA had no effect on the mitochon-
dria and a portion of the microsomal enzyme that was not
stimulated by Mg2*. These studies indicate that there
may be at least two distinct phosphatidate phosphatases in
adipose tissues: Mg2+-dependent and MgZ2+*-independent.
The mitochondrial fraction contained chiefly Mg2+-inde-
pendent enzyme, and the cytosol fraction contained mainly
Mg2+-dependent enzyme. Both Mg?2+-dependent and
Mg?*-independent phosphatidate phosphatases were pres-
ent in the microsomal fraction. The presence of two dis-
tinct phosphatidate phosphatases in rat liver mitochondria
(8) and in brain microsomes and erythrocyte membranes
has been suggested earlier (6, 22). In later studies, the cri-
terion for distinction of these enzymes was Mg2+ depen-
dency. According to Hokin et al. (6), Mg2*-dependent
phosphatidate phosphatase was specific for the utilization
of rL-a-phosphatidate to form 1,2-diglyceride. The non-
specific substrates such as B-phosphatidate were utilized
by Mg2+-independent enzyme. B-Phosphatidate was syn-
thesized from 1,3-diolein by the action of phosphorus oxy-
chloride in their studies.

As shown in Table 1, the major portion of Mg2+-de-
pendent phosphatase measured with aqueous phospha-
tidate was present in the soluble fraction, and only 20%
activity was found in.the microsomal fraction. Such distri-
bution could also occur if microsomes were contaminated
with soluble fraction or if there were substantial leakage
of microsomal enzyme into soluble fraction during the
preparation of subcellular fractions, as suggested by Smith
et al. (11). If it is assumed that Mg2+-dependent phos-
phatase activity present in the microsomal fraction is en-
tirely due to contamination with soluble fraction, then the
rate of 12 nmoles/min/mg protein for Mg2+-dependent
phosphatase activity in the microsomal fraction indicates
that the contamination of soluble fraction in microsomes is
more than 100%. This is unlikely because the studies of
a-glycerophosphate dehydrogenase distribution presented
earlier revealed that the contamination of soluble fraction
in microsomes was not more than 4% in the present in-
vestigation (10). However, it is possible that a partial
leakage of microsomal enzyme into the soluble fraction
may account for the distribution of Mg2+-dependent phos-
phatidate phosphatase in adipose tissue.

In the absence of Mg?+, the rate of utilization of aque-

ous substrate by the phosphatidate phosphatase of particu-
late and soluble fractions remained detectable, but the
membrane-bound substrate was not utilized under these

_conditions. In the presence of Mg2*, the utilization of

aqueous substrate by the microsomal and soluble enzymes
was increased further along with the utilization of mem-
brane-bound substrate. Mitochondrial phosphatidate
phosphatase was not stimulated by Mg?* and it did not
utilize membrane-bound substrate. These studies suggest
that MgZ2+-dependent phosphatidate phosphatase may be
responsible for the utilization of membrane-bound sub-
strate and is localized in microsomes and the soluble frac-
tion. This observation is different from that reported ear-
lier for liver and for intestine by Hiibscher et al. (21) and
Johnston et al. (13). In their studies the membrane-bound
substrate was the primary substrate of the phosphatidate
phosphatase of the soluble fraction and microsomes had
little or no activity with this substrate.

The rates of phosphatidate phosphatase activity calcu-
lated from the utilization of aqueous phosphatidate were
quite high compared with those obtained from membrane-
bound substrate. A similar type of discrepancy has been
reported earlier in the studies with liver phosphatidate
phosphatase (11). In adipose tissue, the rate of utilization
of membrane-bound substrate by the microsomal enzyme
was greater than that for the soluble enzyme. The micro-
somal enzyme was more active on endogenous substrate
compared with exogenous substrate. The rate of utiliza-
tion by the microsomal enzyme was 6.65 nmoles/min/mg
protein with endogenous substrate and 3.2 nmoles/min/
mg protein with exogenous substrate, With soluble phos-
phatidate phosphatase, the rate of utilization of mem-
brane-bound substrate was 2.2 nmoles/min/mg protein.

To demonstrate the requirement for Mg?+ in utilizing
membrane-bound phosphatidate, the substrate .should be
completely free from Mg?+. In these studies, the mem-
brane-bound substrate was prepared in the presence of
sn-glycerol-3-phosphate and palmitoyl CoA. Under these
conditions, the utilization of this substrate by the soluble
and microsomal enzymes was completely dependent on
Mg2+. However, when the substrate was prepared in the
presence of sn-glycerol-3-phosphate, palmitate, ATP,
CoA, NaF, and Mg?2+, the addition of extra Mg2+ was
not needed. These results suggest that Mg2+ bound to this
latter preparation was sufficient to activate the microsomal
or soluble enzyme. It is well known that Mg2* is gener-
ally present in the protein-bound form in tissues (23).

Recently, Mitchell, Brindley, and Hubscher (24) also
reported the partial requirement of Mg2+ for soluble phos-
phatidate phosphatase from liver. However, in their stud-
ies, the membrane-bound substrate was prepared in the
presence of Mg2*, and therefore a high concentration of

EDTA was added to demonstrate the requirement for
Mg2+. 0
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