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Activation of phospholipase D (PLD) has been investigated in dimethylsulfoxide
differentiated HL~60 granulocytes labeled in endogenous 1-0-alkyl-2-acyl-sn-
glycero-3-phosphocholine (alkyl-PC) by incubation with [’H]alkyl-lysoPC.
Stimulation of these labeled cells with the chemsotactic peptide, N-formyl-Met-
Leu-Phe (fMLP), induges rapid generation of [ H]phosphatidic acid (PA) and
slower formation of ["H]diglyceride, suggesting hydrolysis of alkyl-PC by PLD.
A unique feature of PLD is its ability to transfer the phosphatidyl moiety of
phospholipids to alcohols (transphosphatidylation). This characteristic has
been exploited to identify PLD activity. For example, when ethanol is present
during stimulation of the HL-60 gells, 3 H]phosphatidylethanol3SPEt) is formed
with a concomitant decrease in [*H]PA. Cells incubated with [ Palzorthophos-
phate to label the tersminal phosphate of ATP do not incorporate ““P into PEt,
consistent vgith the ["HIPEt not being synthesized from [3H]diglyceride. In
contrast, ["H]JPA arises from both PLD and diglyceride kinase activities.
Furthermore, PEt synthesis closely parallels PA formation and both are
inhibited by an fMLP receptor antagonist, suggesting that both PA and PEt are
derived from agonist-stimulated PLD action. These observations are consistent
with phospholipase D-catalyzed breakdown of alkyl-PC in £MLP- stimulated
granulocytes. © 1988 Academic Press, Inc.

Receptor-mediated phospholipase C activation leads to the breakdown of phos-

phoinositides to generate inositol phosphates and diacylglycerols (DG) (1,2).
Alternatively, DG can be derived from the action of phospholipase C on phos-

phatidylcholine (3-6) and/or de novo synthesis (7). DG can subseguently be
phosphorylated by DG kinase to generate PA (8). In addition to DG kinase
action on DG, PA could be formed directly from phospholipids by the action of
phospholipase D (PLD) (9,10,11). PLD (E.C. 3.1.4.4) can catalyze hydrolytic
cleavage of the terminal diester bond of glycerophosphatides with the
formation of PA and appropriate bases. In addition, PLD possesses the unique
ability to catalyze a transphosphatidylation reaction in which the phospha-

tidyl group of phosphatidylcholine or other phospholipids is transferred to

Abbreviations: DG, diglyceride; PA, phosphatidic acid; PLD, phospholipase
D; PEt, phosphatidylethanol; BSA, bovine serum albumin; Hepes, N-2-hydroxy-
ethylpiperazine-N’-2-ethane sulfonic acid; alkyl-PC, 1-0-alkyl-2-acyl-sn-
glycero-3-phosphocholine. Alkyl-lysoPC, 1-0-alkyl-2-lyso-sn—glycero-3-
phosphocholine.
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appropriate nucleophiles such as ethanol producing phosphatidylethanol (PEt)
(12,13). As shown in the following scheme, both hydrolysis and
transphosphatidylation occur via a common phosphatidyl-PLD complex formed by
the nucleophilic attack by PLD at the phosphorus of the substrate.

Phosphatidylcholine + PLD

I

Phosphatidyl-PLD + Choline

(hydrolysis) (transphosphatidylation)
PLD H,0 ROH PLD
Phosphatidic acid Phosphatidyl-OR

Because the transphosphatidylation reaction is unique to PLD, the forma-
tion of phosphatidylalcohols is a useful indicator of PLD activity in intact
cells., In this report, we demonstrate that stimulation of dimethyl-sulfoxide
differentiated HL-60 granulocytes with fMLP in the presence of ethanol
generates PEt in close parallel with PA formation and that PEt formation is
not a consequence of de novo synthesis from DG. These observations
demonstrate receptor-linked activation of PLD in HL-60 granulocytes.

MATERIALS & METHODS

Materials: [’H)alkyl-lysoPC [lyso-platelet activating factor, (1~0-[*H]octa-
decyl), 92 Ci/mmol) and [’ “Plorthophosphate (carrier-free) were purchased from
Amersham, Arlington Heights, IL. Various unlabeled phospholipids were from
Avanti Polar Lipids, Birmingham, AL. Precoated silica gel G plates (0.25 mm
thick) were purchased from Brinkmann Instruments, Westbury, NY. All other
reagents including fatty acid-free BSA, cytochalasin B, fMLP, phospholipase A,
from Naja Naja, and phospholipase C from Clostridium perfringens were
purchased from Sigma, St. Louis, MO.

Chemical synthesis of PEt and lysoPEt: Synthetic PEt was prepared chemically
as described (14) with slight modifications. Briefly, [l-palmitoyl-2-oleoyl]}-
PA (25 mg) was mixed with ethanol (100 wul), pyridine (1.25 ml) and
trichloroacetonitrile (0.5 ml). The reaction mixture was refluxed at 60°C for
40 h. Pyridine was removed under vacuum and the residue was extracted. PEt
was purified by thin-layer chromatography using solvent system I (see below).
The structure of PEt was confirmed by fast atom bombardment spectrometry. The
molecular ions, (M+H)', (M#Na)® and (M+K)", were observed with respective
mass—to-charge (m/z) ratios of 703, 725 and 741. The major ion fragment was
present at m/z of 577 (M-125), corresponding to the loss of *OPO(OH)OCH,CH, .
The fatty acid con?osition was confirmed by m/z ratios of 313
(CH, OHCHOHCH, 0COC, (H,, )" and 339 (CH,OHCHOCOC, ,H, ,CH,O0H)" .

PEt was treated with phospholipase A, as dediribed (15) and the resulting
lysoPEt was separated by thin-layer chromatography using solvent system II
(see below).

Preparation of HL-60 granulocytes: Human promyelocytic leukemic (HL-60) cells
were grown in suspension culture and differentiated by culturing in the
presence of 1.3% dimethylsulfoxide as described (15,16).

Labeling of HL-60 granylocytes: Differentiated HL60 cells were washed and
resuspended at 2 x 10 cells/ml in Hepes-saline-BSA buffer which contained
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Hepes (25 mM, pH 7.2), NaCl (125 mM), MgCl2 (0.7 mM), [ethylenebis(oxyethylen-
itrolo)]tetra;acetic acid (0.5 mM), glucose (10 mM) and fatty acid-free BSA
(1 mg/ml). [ H]alk¥%-lysoPC was added to the suspension at a final concentra-
tion of 5 uCi/ml. [”“Plorthophosphate was also added to some incubations at a
final concentration of 0,1 mCi/ml., The suspension was incubated for 75 min at
37°c, then the cells were washed twice with _,Hepes—saline—BSA buffer and
finally resuspended in the same buffer at 2 X 10 c3ells/ml. Analysis of the
lipids from labeled cells revealed that 90% of the "H was associated with PC
and the remainder with lysoPC (5%) and neutral lipids (5%). Eighty percent_of
the *H was retained 3bzy the cells. 1Inositol lipids contained no detectable “H.
In contrast, the P incorporated into lipids was primarily in inositol
phospholipids and PA. Little or no *’P was incorporated into phosphatidyl-
choline or other major phospholipids. Und3e2r these labeling conditions, the
cellular ATP pool also became labeled with ““P (9).
Incubation conditions: Cytochalasin B and fMLP were initially dissolved in
dimethylsulfoxide and then diluted with buffer to appropriate concentrations.
The final concentration of dimethylsulfoxide in assays did not exceed 0.1%,
which had no discernib_}e effects on the parameters being measured. The assay
mixtures containing 10° prelabeled cells, 1.5 mM CaCl, and 5 uM cytochalasin B
in a total volume of 950 w1l Hepes- saline-BSA buffer were incubated at 37°C
for 5 min. before initiating the reaction by adding buffer or fMLP with or
without 0.5% ethanol, in a volume of 50 wpl. After appropriate times, the
reaction was stopped by adding chloroform/methanol/acetic acid (100:200:4, by
volume) and standard samples (10 ug each) of PA and PEt were added.
Lipid extraction and thin-layer chromatography: The phases were separated by
the procedure of Bligh and Dyer (17). The lower chloroform phase was dried
and spotted on silica gel G plates. The plates were developed twice using the
organic phase of isooctane/ethyl acetate/acetic acid/water (110:50:20:100, by
volume) (solvent system I). In this system, PA (R, = 0.1) and PEt (R, = 0.33)
were separated from each other and from neutral lipids (R, = 0.7—6.95) and
major phospholipids (R, = O). However, triglycerides, digfyceride and fatty
acids were not separated sufficiently to allow quantitation (Fig. 1). 1In some
experiments, a different solvent system consisting of chloroform/methanol/
acetic acid (65:15:5, by volume} {solvent system II) was used to separate PEt
(R, = 0.65) from PA (Rf = 0.45} and other phospholipids (Rf = 0-0.2). DG (Rf
= f0.27) was separated from monoglyceride (R, = 0.1) and triglyceride (R, =
0.85) using hexane/ diethyl ether/methanol/acetic acid (90:20:3:2, by volume)
(solvent system III). The lipids were located by staining with iodine vapor
and the silica gel areas containing PA and PEt were quantitated by liquid
scintillation spectrometry.
Data presentation: Assays were performed at least in duplicate. Each set of
experiments was performed at least three times. The data presented are from
representative experiments.

RESULTS

Formation of [*H]PA and [*H]PEt by stimulated granulocytes: 1In order to
detect the possible activation of PLD, HL-60 granulocytes were labeled in
alkyl-pPC by incubating with [3H]a1ky1—1ysoPC (16). These labeled cells were
then stimulated with fMLP and cytochalasin B (18) in the absence or the
presence of 0.5% ethanol. In the absence of ethanol, stimulated cells
produced [3H]PA while in the presence of ethanol an additional *H-labeled
product appeared (Fig. 1). This ’H-labeled product comigrated with synthetic
PEt in solvent system I (Fig. 1) as well as in solvent system II (data not
shown). The putative [*HIPEt was eluted from the silica (19) and treated with
either phospholipase A, or phospholipase C, which hydrolyzed this product to
compounds that comigrated with synthetic lysoPEt (R, = 0.25 in solvent system
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Fig. 1.
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Formation of [*H]PA and [’H]PEt by fMLP-stigmlated HL-60
granulocytes: Samples (1 containing H- HL-60
granulocytes, 1.5 mM CaCl, and 5 uM cytochalasin B were
preincubated for 5 min before adding 0.5% ethanol only (panel A)
or fMLP (100 nM) in the absence (panel B) or the presence (panel
C) of ethanol (0.5%). After 30 s, the reaction was stopped and
standard lipids were added. Following extraction, lipids were
separated by thin-layer chromatggraphy using solvent system I.
Chromatograms were scanned for “H radioactivity using a plate
scanner (1M3000,RITA) and standard lipids were located by
exposure to iodine vapor. MG, monoglyceride; TG, triglyceride;
AR, arachidonic acid. For other details, see "Experimental
Procedures".

II) and DG, (R, = 0.27 in solvent system III), respectively. These data are

consistent with the *H-labeled product being PEt.
[*H]PEt formation was directly dependent on ethanol concentration (data

not shown).

Negligible amounts were detected in the absence of ethanol.

Maximum PEt formation occurred at 0.5% ethanol. Wwhen ethanol was replaced by
methanol, propanol or butanol, the corresponding phosphatidylalcohols were
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formed, as indicated by their chromatographic mobilities that increased with
increasing chain length of the alcohol. In solvent system I, the R, values
for various phosphatidylalcohols formed by fMLP-stimulated cells in the
presence of methanol, ethanol, propanol and butanol were 0.26, 0.31, 0.36 and
0.41, respectively. These results indicate that wupon stimulation of
granulocytes with fMLP in the presence of an alcchol, phosphatidylalcohols are
generated, presumably as a result of PLD-mediated transphosphatidylation.
Kinetics of formation of [*H]PA and [*H]PEt and inhibition by t-Boc-Met-Leu-
Phe: Illustrated in Fig. 2 are the time-courses for the formation of [3H]RA
and [3H]PEt in the absence and the presence of ethanol. In the absence of

ethanol, PA was formed rapidly, reaching a maximum within 30 s and decreasing
rapidly thereafter (upper panel). As found previously, (10,11), DG was formed
less rapidly. In the presence of ethanol, [’H]PEt was also formed and its
appearance closely paralleled [*H]PA formation (lower panel). However, unlike
[3H]RA, the [3H]PEt levels remained virtually unchanged for 5 min. No change
in the [3H]alkyl—PC was detected during the course of the incubation (data not
shown) because even 30 s after stimulation, [(‘H]PA (15,000 dpm/assay)
accounted for only about 2% of the [3H]a1kyl-PC (820,000 dpm/assay). As shown
in Fig. 3, the fMLP dose-response for [’H]PA was very similar to that for
[(*HIPEt. Furthermore, both products were similarly inhibited by the specific
fMLP antagonist, t-Boc-Met-Leu-Phe (Fig. 4). These results suggest that PLD
is linked to receptor. In addition, [*H]PA formed in the presence of ethanol
was substantially less than that formed in the absence of ethanol (Fig. 2 and
Fig. 3), suggesting that PLD is responsible for forming a substantial
percentage of the [‘H]PA.

Mechanisms for PEt formation in granulocytes: [*H]PEt could be synthesized
from [3H]DG via de novo mechanisms analogous to those that synthesize
phosphatidylethanolamine and phosphatidylinositol. One possible mechanism
would involve phosphorylation of ethanol by a kinase to phosphoethanol (20),
followed by the formation of CDP-ethanol. PEt could then be synthesized by
the transfer of phosphoethanol to DG. The other mechanism would DG
phosphorylation of [’H]DG to PA by DG kinase with incorporation of the
terminal phosphate of ATP, followed by the formation of CDP-DG. Ethanol could
then be added by a phosphatidyl transferase to generate PEt. Both of these
mechanisms would result in the incorporation of the terminal phosphate of ATP
into PEt.

To examine these possibilities, cells were incubated with [3H]a1kyl—
lysoPC and [’?P)orthophosphate to label alkyl-PC and ATP, respectively. As
described under "Experimental Procedures", the terminal phosphate of ATP was
labeled with [*?P] (9), and the small amounts of ’’P incorporated into
phospholipids was almost exclusively in inositol phospholipids rather than in
PC, where 90% of the H label was introduced. In the absence of fMLP, some ’n
and *’p was found in PA; however, following fMLP addition, the amount of both
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Fig. 2. Time—course of formation of [*HIPA, [’H)PEt and [’H]DG by fMLP-
stimulated HL-60 granulocytes: Using the methodology descri
in Fig. 1, samples were preincubated for 5 min before adding fMLP
(100 nM) for various tg‘.mes in the absence or thg presence of 0.5%
ethanol. ["H]PA and ["H]DG (upper panel) and [ H]PEt (lower
panel) were separated by thin-layer chromatography using solvent
systems I and III and the radioactivity was quantified by liquid
scintillation spectrometry. Control (unstimulated) values for
PA, DG and PEt remained unchanged throughout the incubation
period. vValues are the average of two determinations, which were
within + 5% of the mean.

labels in PA increased substantially (Table 1). The increased ’’P

incorporation into PA indicates stimulated PA formation via DG kinase and/or
de novo mechanisms.

As described in Figure 1, fMLP also stimulated the formation of PEt.
Although this PEt contained ’H, there was no significant incorporation of *’P
{Table 1), indicating that neither DG kinase nor a putative ethanol kinase was
involved in PEt synthesis. Hence, the PEt arose from agonist-induced PLD
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Fig. 3.
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Dose-response of fMLP-stimulated formation of PA and PEt by
MO%ranulogEes: As in Fig. I, duplicate samples were
stimuiaty or s with fMLP at the indicated concentrations in
the absence or presence of 0.5% ethanol and analyzed for PA and
PEt as described in Fig. 1 and under "Experimental Procedures".

action. The further observations that fMLP-induced [*H]PA formation decreased
in the presence of ethanol while [*?P)PA remained constant indicate that much
of the PA arose from PLD metabolism of alkyl-PC, while the remainder came from
the combined activities of phospholipase C and DG kinase or from de novo

synthesis.

DISCUSSION

Phosphorylation of DG by DG kinase as a route to the formation of PA in
intact cells has been described extensively. In this pathway, the diglyceride

Fig. 4.
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Inhibition 9¥ t-Boc-Met-Leu-Phe of the formation of PA and PEt in
-stinula HL-60 granulocytes: Using the me ology

described in Fig. I, duplicate samples were pretreated with

buffer or with 10 4M t-Boc-Met-Leu-Phe (t-Boc) for 5 min before

stimulating with various concentrations of fMLP for 30 s in the
presence of 0.5% ethanol.
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Table 1. fMLP-induced incorporation of *H and *’P_into PA and PEt
HL60 granulocytes were double labeled with 'H and 3’P as described
under "Experimental Procedures". All other conditions are as
described in Fig. 1.

PA PEtL
Additions d: 3p *H 32p
dpm
None 300 1400 700 300
Ethanol 300 1400 700 300
£MLP 3900 3500 1100 300
fMLP + Ethanol 2200 3500 3800 500

substrate for the kinase reaction could be formed either by de novo synthesis
from glycerol or by the action of phospholipase C on phospholipids. Neverthe-
less, a PLD 1linked to receptor activation either directly or through
intracellular signaling would generate the same products (PA directly and DG
through PA phosphohydrolase (21)). This manuscript describes the pathways for
PA formation in dimethylsulfoxide-differentiated HL-60 cells and utilizes the
formation of PEt to help identify PLD activity in these intact cells.

In HI~60 cells, alkyl-PC constitutes about 20% of the total phospholipids
(15). Following fMLP stimulation of these cells labeled in [3H]alky1-PC,
rapid synthesis of PEt (in the presence of 0.5% ethanol) occurs (Figs. 2 and
3). This PEt synthesis does not occur via de novo pathways (Table 1). A role
for base exchange in PEt formation is also unlikely, because, in contrast to
PLD, the base exchange enzyme does not utilize ethanol as a substrate (22).
Thus, in stimulated granulocytes, PEt is formed exclusively by PLD.

Both PA formation and PEt synthesis occur at similar rates (Fig. 2 and 3)
and both are inhibited by an fMLP receptor antagonist (Fig. 4). 1In addition,
PEt synthesis is accompanied by reduced accumulation of PA (Fig. 1-3 and Table
1). These observations suggest that both PA and PEt are formed by the action
of PLD via a common phosphatidyl-PLD intermediate. The slower rate of (*H}DG
appearance is also consistent with PLD activity, where PA is the primary
product followed by PA phosphohydrolase-catalyzed formation of DG (21).
Although PEt derives exclusively from PLD, PA is also formed by phosphoryla-
tion of DG by DG kinase, as indicated by increased incorporation of 32p into
PA (Table 1). Additional experiments are in progress to determine the
relative contributions of PLD and DG kinase to the net PA accumulation. It
remaing to be determined whether phospholipids other than alkyl-PC also
degraded by PLD.

Although PLD has been studied primarily in higher plant tissues (23-26),
several recent reports (10,27-29) have confirmed the existence of PLD in
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mammalian systems as well. PLD activities have been studied in rat brain,
both in microsomes and in a partially purified preparation (27,28). A PLD
activity has also been detected in human eosinophils (29), a cell system
related to dimethylsulfoxide-differentiated HI-60 cells., Most recently, PLD
activity has been implicated in PA formation by vasopressin-stimulated
hepatocytes and quanine nucleotide-sensitive PLD activity has been identified
in hepatocyte membranes (11). In addition, PEt is formed in organs from
ethanol intoxicated rats (30,31) and phorbol esters, in the presence of
ethanol, stimulate PEt synthesis in bovine lymphocytes (19). This report
provides the first evidence for receptor- linked activation of PLD in HL-60
cells.

The importance of PLD activity to neutrophil stimulation remains to be
explored. It may be simply another route for forming diglycerides. On the
other hand, PA possesses potent ionophoretic properties in liposome
preparations (32) and releases Ca’* from platelet microsomes (33). The
rapidity of PA formation by PLD is consistent with a possible role for PA in
ca’* mobilization in stimulated neutrophils.

In summary, the present study demonstrates receptor-linked activation of
PLD in fMLP-stimulated granulocytes. 1In addition, the data strongly suggest
that PEt formation is a valid measure of PLD activity in intact cells.
Extensions of these studies to other similar cells and phospholipid substrates
are underway.
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