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ABSTRACT Phospholipase D (PLD) associated with the
rat kidney membrane was activated by guanine 5'-[y-
thio]triphosphate and a cytosol fraction that contained ADP-
ribosylation factor. When assayed by measuring the phos-
phatidyl transfer reaction to ethanol with exogenously added
radioactive phosphatidylcholine as substrate, the PLD re-
quired a high concentration (1.6 M) of ammonium sulfate to
exhibit high enzymatic activity. Other salts examined were far
less effective or practically inactive, and this dramatic action
of ammonium sulfate is not simply due to such high ionic
strength. Addition of ATP but not of nonhydrolyzable ATP
analogue adenosine 5'-[B,y-imido]diphosphate further en-
hanced the PLD activation ~2- to 3-fold. This enhancement by
ATP needed cytosol, implying a role of protein phosphoryla-
tion. A survey of PLD activity in rat tissues revealed that,
unlike in previous observations reported thus far, PLD was
most abundant in membrane fractions of kidney, spleen, and
liver in this order, and the enzymatic activity in brain and lung
was low.

Phospholipase D (PLD) catalyzes the hydrolysis of phosphati-
dylcholine (PtdCho) in response to various external signals,
including many growth factors (for review, see refs. 1 and 2).
The mechanism of this enzyme activation has attracted con-
siderable attention because the reaction may generate several
lipid messengers or mediators such as diacylglycerol for trans-
membrane control of intracellular events (for review, see refs.
3-5). Phosphatidic acid, an immediate product of the PLD-
catalyzed reaction, is proposed to serve as a mitogenic signal
by itself (3). It is also suggested as a direct activator of protein
kinase C (6) and phosphatidylinositol 4-kinase (7) or an
inhibitor of GTPase-activating protein (8). PLD is associated
tightly with particulate fractions, most likely membranous
structures. With various assay methods, such as those with
endogenously labeled phospholipids or with exogenously
added radioactive phospholipids as substrates, attempts have
been made to obtain cell-free preparations of PLD from
several tissues and cell types, and the roles of GTP-binding
regulatory proteins (G proteins) and protein phosphorylation
in the activation of this enzyme have been proposed (for
review, see refs. 9 and 10). It has recently been reported that
in a cell-free system membrane-associated PLD is activated by
small G proteins, such as ADP-ribosylation factor (11, 12), Rho
(13, 14), or both (15). The enzymatic activity observed in
cell-free preparations thus far obtained is, however, extremely
low. An inhibitory protein factor has been recently found in
bovine brain cytosol (16). Due to the complexity of this
enzyme regulation and to the lack of an appropriate assay
method of the enzyme, the mechanism of this enzyme activa-
tion has not been clarified.
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Studies in this laboratory have found that mammalian PLD
associated with membranes of various tissues and cell types is
nearly in a latent form but exhibits enormous enzymatic
activity in high concentrations of ammonium sulfate, while
maintaining its properties to respond to guanine nucleotide
and a cytosol fraction that contains small G proteins including
ADP-ribosylation factor. Such enzymat': activity is enhanced
=2- to 3-fold by the addition of ATP. A.i¢} -ugh the mechanism
of this salt effect remains unclear, t - eport will describe
some kinetics of the PLD activation to ' litate further studies
on the detailed properties, as well as th - :molecular mechanism,
of the signal-induced activation of mi-mmalian PLD.

MATERIALS AND METHODS

Materials and Chemicals. L-a-Dipalmitoyl[palmitoyl-1-
14C]phosphatidylcholine (!*C-PtdCho, 115 mCi/mmol; 1 Ci =
37 GBq) was purchased from DuPont/NEN. Phosphatidyl-
ethanol (PtdEtOH), a standard for TLC, was from Avanti
Polar Lipids. Guanosine 5'-[y-thio]triphosphate (GTP[yS])
and guanosine 5'-[B-thio]diphosphate (GDP[BS]) were from
Boehringer Mannheim. Phorbol 12-myristate 13-acetate was a
product of LC Services (Woburn, MA). Glass-backed silica gel
60 was purchased from Merck. (p-Amidinophenyl)methane-
sulfonyl fluoride hydrochloride (p-APMSF) was obtained
from Wako Pure Chemical (Osaka). Monoclonal antibody
1D9 against ADP-ribosylation factor was from R. Kahn (Na-
tional Cancer Institute, Bethesda).

Tissue Fractionation. Male Sprague-Dawley rats (6-8
weeks) were used throughout the study. All procedures were
done at 0—4°C. Kidneys [5 g (wet weight)] were immediately
removed, cut into small pieces, and mixed with 5 vol of buffer
A (50 mM Hepes-NaOH, pH 7.4/1 mM MgCl,/1 mM EGTA/
0.25 M sucrose/10 uM p-APMSF) containing leupeptin at 20
pg/ml and aprotinin at 20 pg/ml. The tissue was homogenized
with a Potter-Elvehjem Teflon/glass homogenizer. The ho-
mogenate was centrifuged for 10 min at 1000 X g to remove
nuclei and unbroken tissues. The postnuclear fraction was
centrifuged for an additional 60 min at 100,000 X g. The
supernatant and pellet were used as cytosol and particulate
fractions, respectively. For studies on tissue distribution of
PLD, particulate fractions from various tissues were prepared
similarly, as described above.

Preparation of Cytosol Factor. Cytosol proteins from the rat
kidney were fractionated by ammonium sulfate (30-70%
saturation), dissolved in 3 ml of buffer A, and dialyzed
overnight against 1 liter of the same buffer. The dialysate was

Abbreviations: PLD, phospholipase D; PtdCho, Phosphatidylcho-
line; G protein, GTP-binding regulatory protein; 1#C-PtdCho, L-a-
dipalmitoyl[palmitoyl-1-'*C]PtdCho; PtdEtOH, phosphatidylethanol;
GTP[vS], guanosine 5’-[y-thio]triphosphate; GDP[BS], guanosine 5'-
[B-thio]diphosphate; p-APMSF, (p-amidinophenyl)methanesulfonyl
fluoride hydrochloride.
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Table 1. Requirement of cytosol factor and ammonium sulfate for
GTP[yS]-dependent PLD activation

PtdEtOH produced, dpm

Ammonium Fractions
sulfate added — GTP[yS] + GTP[vS]
Exp. 1 - Particulate + 41=*9 41 * 11
CF
Particulate alone 82 +25 99 + 13
CF alone 6+2 8+3
Exp. 2 + Particulate + 261 + 68 4923 + 542
CF
Particulate alone 495 *+ 89 825 + 173
CF alone 144 3+2

PLD was assayed under the conditions specified. In experiments 1
and 2, the enzyme was assayed without and with ammonium sulfate
(1.6 M), respectively. Where indicated, particulate fraction (50 ug),
cytosol factor (100 pg), and GTP[yS] (100 uM) were added. Each
experiment represents the means = SEMs of duplicate determinations
from three separate experiments. CF, cytosol factor.

clarified by centrifugation for 30 min at 100,000 X g and
subjected to gel filtration (Superdex 200, Pharmacia) with
buffer A. The fraction capable of activating PLD in the
presence of GTP[yS] appeared as a nearly single peak and was
used as cytosol factor.

PLD Assay. The enzyme activity was assayed by measuring
the formation of radioactive PtdEtOH by phosphatidyl trans-
fer reaction of “C-PtdCho to ethanol as described (17). The
reaction mixture (100 ul) contained 2 umol of Hepes'NaOH
(pH 7.4), 2 nmol of “C-PtdCho (13,750 dpm/nmol), 34.2
pmol of ethanol, 10 nmol of GTP[yS], 160 umol of ammo-
nium sulfate neutralized with ammonium hydroxide, cytosol
factor, particulate fraction, and other ingredients as speci-
fied in each experiment. Practically, the reaction was started
by adding the solution containing '“C-PtdCho, ethanol,
GTP[yS], ammonium sulfate, and other ingredients as spec-
ified to the enzyme solution containing particulate fraction
and cytosol factor. After incubation for 20 min at 37°C, the
reaction was stopped by the addition of 1 ml of ice-cold
chloroform/methanol/HCI, 1:1:0.006, and mixed. After 0.5
ml of 0.1 M HCl/1 mM EGTA was added, the mixture was
centrifuged for 10 min at 1000 X g. The lower, lipid-
containing chloroform phase was collected and dried by
centrifugation under vacuum. The residue was redissolved in
40 ul of chloroform/methanol, 95:5, containing an authentic
sample of PtdEtOH (10 pg). The sample was spotted on a
silica gel 60 TLC plate that had been activated by heating for
1 hr at 115°C just before use. The plate was developed with
the upper phase of a mixture of ethyl acetate/2,2,4-
trimethylpentane/acetic acid/water, 13:2:3:10, as a solvent.
The radioactivity of the spot corresponding to PtdEtOH was
quantitated by using a Fujix Bio imaging analyzer, model
BAS 2000 (Fuji). The radioactive PtdEtOH was produced
only in the presence of ethanol during the incubation at the

Table 2. Effect of various salts on PLD activity
PtdEtOH produced,

Addition dpm
Ammonium sulfate 2956 = 414
Sodium sulfate 1360 * 272
Ammonium phosphate 628 + 163
Sodium chloride 5211
Sodium phosphate 18*+4
None 41 10

Particulate fraction (50 pg), cytosol factor (100 ug), GTP[yS] (100
pM), and various salts (1.6 M), as indicated, were assayed for PLD
activity. Results are the means = SEMs of duplicate determinations
from three separate experiments.
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FiG. 1. Stimulation of PLD by GTP[yS] and ammonium sulfate.
Particulate fraction (50 ug), cytosol factor (100 ug), and various
concentrations of ammonium sulfate were assayed for PLD activity in
the presence (®) or absence (O) of 100 uM GTP[yS]. Result is a
representative of three separate experiments done in duplicate.

expense of phosphatidic acid and comigrated with an au-
thentic sample upon two-dimensional TLC.

RESULTS

PLD Activation by Ammonium Sulfate. In the absence of
ammonium sulfate PLD activity was nearly undetectable in rat
kidney with the assay conditions specified above (Table 1). The
enzymatic activity was uncovered by the addition of 1.6 M
ammonium sulfate. As repeatedly documented elsewhere (11-
14, 18, 19), PLD associated with particulate fraction was
activated greatly by GTP[yS] and cytosol factor that contained
small G proteins. The particulate fraction alone was almost
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FI1G.2. Inhibitory action of GDP[BS] on GTP[yS]- and ammonium
sulfate-induced PLD activation. Particulate fraction (50 ug), cytosol
factor (100 pg), ammonium sulfate (1.6 M), and various concentra-
tions of GDP[BS] were assayed for PLD activity in the presence (®)
or absence (O) of GTP[yS] (100 uM). Result is a representative of
three separate experiments done in duplicate.
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F1G.3. Enhancement of PLD by ATP. Particulate fraction (50 ug)
and various concentrations of GTP[yS] were assayed for PLD activity
with or without cytosol factor (100 ug), ammonium sulfate (1.6 M),
and ATP (500 uM) as indicated. Result is representative of three
separate experiments done in duplicate. ®, With cytosol factor, ATP,
and ammonium sulfate; O, with cytosol factor and ammonium sulfate;
0O, with ATP and ammonium sulfate; A, with cytosol factor and ATP;
W, with ammonium sulfate.

insensitive to GTP[yS]. In the presence of cytosol factor and
ammonium sulfate, the formation of PtdEtOH was linear with
particulate fraction up to 50 ug of protein per tube, and the
reaction proceeded linearly with time up to 50 min. Half-maximal
activity was obtained at 42 uM dipalmitoyl-PtdCho. Stimulation
of PLD by cytosol factor was linear up to 40 ug and saturated with
100 pg of protein per tube. The enzyme reacted with PtdCho and,
to a lesser extent, phosphatidylethanolamine (one third of the
initial velocity for PtdCho). Phosphatidylserine and phosphati-
dylinositol were inert as substrates. This dramatic salt effect was
not simply due to the high ionic strength. Sodium sulfate and
ammonium phosphate were far less effective in a wide range
of concentrations (Table 2). Sodium phosphate and sodium
chloride showed practically no effect.

Guanine Nucleotides. It is worth noting that ammonium
sulfate could not substitute for GTP[+S] or for cytosol factor,
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Table 3. Subcellular distribution PLD in rat kidney

Specific Total
activity,* activity,*
Subcellular fraction pmol/min‘mg nmol/min (%)
Homogenate 454 35.5 (100)
Pellet (1000 X g) 963 7.5 (21)
Pellet (100,000 X g) 975 14.0 (39)
Supernatant (100,000 X g) 22 1.0(3)

Subcellular fractions of rat kidney were prepared as described. Each
fraction (50 ug), saturated amount (100 pg) of cytosol factor, ammo-
nium sulfate (1.6 M), and GTP[yS] (100 uM) were assayed for PLD
activity. Result is representative of three separate experiments done in
duplicate.

*Specific activity and total activity of PLD from 1000 X g and 100,000
X g pellets were underestimated because of endogenous phospho-
lipids.

and this salt and GTP[yS] were synergistic with each other for
PLD activation (Fig. 1). The enzyme activation by GTP[YS]
was counteracted by GDP[BS] (Fig. 2). Neither GTP, ATP,
nor aluminum fluoride was capable of substituting for
GTP[+S], consistent with the previous observations (11-15)
that small G proteins are needed for PLD activation.

Adenine Nucleotides. The PLD activation by cytosol factor,
GTP[yS], and ammonium sulfate was enhanced further by
ATP addition (Fig. 3). Nonhydrolyzable ATP analogue, aden-
osine 5'-[B,y-imido]diphosphate, was inactive. This enhance-
ment of PLD by ATP was not observed in the absence of
cytosol and was prevented by a protein kinase inhibitor, such
as genistein. The results suggest a potential role of protein
phosphorylation in PLD activation.

Enzyme Distribution. When assayed in the presence of a
saturated amount of cytosol factor as well as GTP[yS] and
ammonium sulfate, PLD was recovered in the 1000 X g and
100,000 X g pellets, and practically no activity was found in the
soluble fraction (Table 3). Although previous studies have
shown that PLD is most abundant in the brain and lung (for
review, see refs. 1 and 20), a survey of enzyme activity in
various rat tissues revealed that kidney and spleen contained
large quantities of PLD (Fig. 4). The liver and thymus con-
tained significant quantities, but the enzyme activity in the
brain and lung was very low.

DISCUSSION

High concentration of ammonium sulfate unmasks PLD in
tissue extracts and enables us to detect the enzyme with a
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FiG. 4. Tissue distribution of PLD. Particulate fractions (50 pg) from various rat tissues, a saturable amount (100 ug) of cytosol factor from
rat kidney, ammonium sulfate (1.6 M), and GTP[yS] (100 uM) were assayed for PLD activity. Results are the means * SEMs of duplicate

determinations from three separate experiments.
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specific activity several hundred times higher than that
observed under the assay conditions used by previous inves-
tigators. PLD has been studied mainly with brain, lung,
adipose tissue, endothelial cells, HL-60 cells, and neutrophils
(for review, see refs. 1 and 20). Thus far, lung, brain, HL-60
cells, and neutrophils were shown to be rich sources. The
specific activity of PLD in the brain homogenate was 8
pmol/min per mg of protein, and a similar value was
reported for HL-60 cell extracts (for review, see ref. 20).
Under the assay conditions described in the present report,
the specific activity of PLD in particulate fraction from
kidney was 4.1 nmol/min per mg of protein. Although the
mechanism of action of ammonium sulfate remains un-
known, it is clear that PLD is ubiquitously distributed among
various tissues. Unlike previous observations, the spleen and
kidney are the richest sources, whereas the lung and brain
show low enzymatic activity.

In mammalian tissues two types of membrane-associated
PLD have been reported: one is dependent on oleic acid
(21-23), and the other is activated by small G proteins (11-15).
In the present studies, the addition of oleate showed no effect.
It is presently unknown whether the oleate-dependent PLD
activity is low in rat tissues or oleate effect is masked under
high concentrations of ammonium sulfate.

In the presence of GTP[yS], ATP plus Mg?>* enhanced
further PLD activity (Fig. 4). It has been reported that PLD
may be activated by stimulation of the purinergic receptor (24,
25). The effect of ATP observed in the present study, however,
is likely mediated through protein phosphorylation, because
nonhydrolyzable ATP analogue adenosine 5’'-[B,y-imido]-
diphosphate did not show any effect. Phorbol 12-myristate
13-acetate was inert. However, in another set of experiments
with streptolysin O-permeabilized HL-60 cells, phorbol 12-
myristate 13-acetate significantly enhanced the GTP[yS]-
dependent PLD activation in the presence of ATP plus Mg?*
(26).
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