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Abstract-Studies were performed to characterise the phospholipase A, (PLA,) responsible for the greatly 
increased capacity to release arachidonic acid (AA) of dimethyl sulphoxide (DMSO) differentiated U937 
monocytic cells compared to undifferentiated cells (Is-fold increase in response to Ca2+ ionophore A23187). 
Cytos&c PLA, (cPiA,) activity could be measured in homogenates of differentiated cells;and the highly 
selective cPLA, inhibitor arachidonic acid trifluoromethyl ketone reduced A23187 induced 13H]AA release from 
pre-labelled ceis by at least 80%. with an IC,, (12.7 f 114 pM) not significantly different f&m that for inhibiting 
authentic cPLA, (9.3 f 2.0 pM). On the other hand, type II PLA, activity was not detected in cell homogenates, 
and [3H]AA release was not inhibited by heparin (1 mg/rnL), which bind8 secreted type II PLA, and reduces its 
ability to degrade membrane phospholipids. Stimulation of intact cells with A23187 plus phorbol myristate 
acetate (PMA) under conditions that released [‘H]AA did not increase cPLA, activity of the cell homogenate, 
and there was little difference between DMSO differentiated and undifferentiated cells in cPLA2 protein content, 
cPLA, specific activity of homogenates, or distribution of cPLA, between membrane and cytosol in the resting 
cell. Following stimulation with A23187 plus PMA, no increase in [33P] labelling of cPLA, immunoprecipitates 
was seen in cells pre-labelled with [33P] orthophosphate, nor a change in electrophoretic mobility of cPLA,. It 
was concluded that cPLA, releases the bulk of AA from stimulated, DMSO differentiated U937 cells. The failure 
to observe increased cPLA, specific activity following cellular stimulation could be explained by increased 
[‘H]AA release requiring the activation of only a small proportion of the cell pool of cPLA, or, alternatively, 
by increased release reflecting greater Ca*+-dependent association of cPLA, with membrane substrate rather than 
increased specific activity per se. There was no evidence that any such increased membrane association resulted 
from cPLA, phosphorylation. The relative inability of undifferentiated cells to release AA was not due to the 
absence of cPLAz or an altered distribution between membrane and cytosol, but suggested the presence of a 
repressor mechanism that prevents elevated Ca” from functionally activating the enzyme intracellularly. 
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Phospholipases A, (PLA,; E.C. 3.1.1.4) are widely dis- 
tributed intra- and extra-cellular enzymes that specifi- 
cally hydrolyse sn-2 acyl ester linkages of membrane 
glycerophospholipids to yie!d fatty acids and lysophos- 
pholipids. The action of PLA, in releasing AAt from 
membrane phospholipids is considered to be rate-limit- 
ing in the biosynthesis of pro-inflammatory prostaglan- 
dins, leukotrienes, and hydroxy fatty acids [l], whereas 
l-O-alkyl-2-lysophospholipids are precursors of platelet 
activating factor [2]. PLA,s are thus key enzymes in 
initiating and propagating the inflammatory response. 
We have been interested in the regulation of PLA, ac- 
tivity in monocytes and macrophages [3], and have used 
human monocytic leukaemic U937 cells, which resem- 
ble immature human peripheral blood monocytes, as an 
experimental model. When induced to differentiate 
along the monocyte-macrophage lineage, U937 cells un- 

* Corresponding author. Tel. 0181 919 2449; FAX 0181 919 
2497. 

t Abbreviations: cPLA,, cytosolic phospholipase A,; AA, 
arachidonic acid; DMSO, dimethyl sulphoxide; PMA, phorbol 
myristate acetate; BSA, bovine serum albumin; FMLP, 
N-formyl methionyl leucyl phenylalanine; PMSF, phenyl meth- 
yl sulphonyl fluoride; HBSS. Hanks balanced salt solution; 
AACOCF,, arachidonic acid trifluoromethyl ketone; LTD,, 
leukotriene D,; MAP kinase, mitogen activated protein kinase; 
ECL, enhanced chemiluminescence; PAGE, polyacrylamide gel 
electrophoresis. 

dergo morphological and functional changes, acquiring 
the ability to respond to chemotactic agents, produce 
superoxide anion, release lysosomal enzymes, and per- 
form antibody-dependent cytolysis [4]. Undifferentiated 
U937 cells have very low capacity to release ei- 
cosanoids, but culture in the presence of DMSO [5], as 
used in the present studies, or with phorbol ester [6, 71 
results in a many-fold increase in stimulated AA release. 
It is not clear whether or not these dissimilar reagents 
cause the up-regulation by identical mechanisms. 

In principle, two classes of PLA2 could be responsible 
for increased AA release, the high molecular weight 
(85-l 10 kDa) cytosolic enzyme (cPLA,) or the 14kDa 
type II enzyme, or conceivably both could be involved, 
since they have been reported to co-exist in certain in- 
flammatory cells [8, 91. The intracellular cPLA, has a 
number of properties that make it a likely mediator of 
responses to acute cell stimulation. It is activated by the 
submicromolar concentrations of Ca” found in stimu- 
lated cells, and preferentially hydrolyses phospholipids 
with AA in the m-2 position [10-121; its activity in 
several cell types has been shown to be regulated by 
phosphorylation [ 131, and the phosphorylated enzyme 
translocates and binds in a Ca”-dependent manner to 
the cell membrane, where it is juxtaposed to its substrate 
[ 11, 141. Whilst type II PLAz is up-regulated by inflam- 
matory cytokines and is thought to play an important 
role in inflammation by being secreted into extracellular 
fluids (reviewed in refs. [9, 15]), there is now abundant 
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evidence that this enzyme can also generate AA in re- 
sponse to cell stimulation. In a number of cells and cell 
lines, including macrophage-like P388 Dl cells [ 161, AA 
release has been shown to result from type II PLA, being 
secreted to the outside of the cell and binding to mem- 
brane proteoglycan [1.5-181, and an extracellular mem- 
brane receptor for type II and other secretory PLA,s has 
been characterised [19]. It is generally considered that 
14kDa PLA,s require millimolar concentrations of Ca*” 
for activation [20, 241, but a recent report demonstrated 
that under certain conditions type II PLA, can be acti- 
vated by low micromolar Ca*+ concentrations, and the 
case for an intracellular mechanism of action was dis- 
cussed [21]. 

Previously published work implies that cPLA, is re- 
sponsible for AA generation in U937 cells, but the in- 
formation is largely circumstantial. Thus, cPLA, is 
known to be present at low levels in undifferentiated 
cells and in DMSO or phorbol my&ate acetate (PMA) 
differentiated cells [lO-12, 221, whereas it has been dif- 
ficult to detect type II activity in these cells [8, 10, 221, 
although this enzyme is present in monocytes and mac- 
rophages [8, 16, 231. In one of these studies, PMA- 
induced differentiation was shown to cause increased 
membrane association of cPLA, in the resting cell, and 
this was hypothesised to be the reason for increased AA 
release on cell stimulation [22]. PLA, activity in the 
cytosol of DMSO differentiated cells was largely abol- 
ished by acid treatment, which inactivates cPLA, but not 
type II PLA,, and was not inhibited by a transition-state 
analogue selective for type II PLA, [S]. However, this 
does not preclude a functional role for type II PLA,, 
since it is likely that any type II present would have 
separated with the membrane fraction on cell disruption 
[ 151. In the present study we have attempted to define a 
causal relationship between either cPLA, or type II 
PLA, activity and stimulated AA release, and have char- 
acterised some properties of the responsible enzyme in 
differentiated and undifferentiated U937 cells. 

MATERIALS AND METHODS 

Reagents 

RPM1 1640 cell culture medium, DMSO, fatty-acid 
free bovine serum albumin (BSA), calcium ionophore 
A23187, leukotriene D,, N-formyl methionyl leucyl 
phenylalanine (FMLP), L-3-phosphatidyl choline l-ste- 
aroyl-2-arachidonoyl, I,2 dioleoyl-sn-glycerol, heparin 
(sodium salt), and general biochemical reagents were 
purchased from Sigma (Poole, U.K.). PMA and protein 
A-Pansorbin beads were from Calbiochem (Nottingham, 
U.K.). Foetal calf serum was supplied by Advanced Pro- 
tein Products (Brierley Hill, U.K.), and L-glutamine and 
penicillin/streptomycin by ICN Flow (Thame, U.K.). 
Hanks balanced salt solution (HBSS) with or without 
added Ca*’ and Mg*+ was from Gibco (Paisley, U.K.). 
[5,6,8,9,11,12,14,15-3H] arachidonic acid (150-230 
Ci/m mol), L-3-phosphatidyl choline 1 -stearoyl-2- 
[ l-14C] arachidonoyl (SO-60 mCi/mmol), [9,10-‘H] 
oleic acid (2-10 Ci/mmol), horse radish peroxidase 
(HRP)-conjugated donkey anti-rabbit antiserum, and 
ECL detection kit were all from Amersham International 
(Aylesbury, U.K.). [33P] orthophosphoric acid (40-158 
Ci/mg) was from DuPont, Stevenage, U.K. Gold (5 nm)- 
conjugated donkey anti-rabbit antiserum and Immu- 
nogold reagents were from Bio Cell (Cardiff, U.K.). 

Rabbit polyclonal anti-cPLA, antiserum raised against 
the peptide sequence 53-72 of human cPLA, [25] was 
kindly provided by Dr. Y. Ivashchenko, RhBne-Poulenc 
Rorer Ltd. Sorbsil C60, 40-6OH silica used for separat- 
ing [14C] arachidonic acid in the cPLA, enzyme assay 
was purchased from the Crossfield Group (Warrington, 
U.K.). The cPLA, inhibitor arachidonic acid trifluoro- 
methyl ketone (AACOCF,) was obtained from Affiniti 
Research Products (Nottingham, U.K.), and a stock 30 
mM solution in ethanol stored under nitrogen. Protein 
concentration was determined using Coomassie blue re- 
agent purchased from Bio-Rad (Hemel Hempstead, 
U.K.) using BSA as standard. 

Cell culture 

Human monocytic leukaemic U937 cells obtained 
from American Type Culture Collection were grown in 
RPM1 1640 medium containing 10% foetal calf serum, 2 
mM L-glutamine, 50 units/ml penicillin, 50 pg/mL 
streptomycin, and 10 pM B-mercaptoethanol at 37°C in 
a humidified 5% CO, incubator, and passaged when cell 
density reached approximately ld cells/ml. DMSO 
(1.3% v/v) was added to cultures (2 x lo5 cells/ml) for 
up to 96 hr to differentiate the cells along the monocyte- 
macrophage lineage [5]. Viability of undifferentiated or 
differentiated cells was consistently greater than 95%, as 
assessed by exclusion of Trypan blue dye. 

[3H]AA release from pre-labelled cells 

U937 cells were suspended at 2.5-5 x lo6 cells/ml in 
culture medium containing 0.5 pCi/rnL [3H]AA (added 
in 0.5 pIJmL ethanol), to which DMSO was added back 
at 1.3% in the case of cells being differentiated. Culture 
was continued for 18 hr. Cells were centrifuged (180 g, 
5 min) and washed by resuspension once in culture me- 
dium, then twice in HBSS with added Ca*’ and Mg*+, 
supplemented with 0.2% BSA (Ca”, Mg*+-HBSS/BSA) 
before being resuspended at 0.8-1.6 x 10’ cells/ml in 
the latter salt solution. Aliquots (0.1 mL) were added to 
Eppendorf tubes containing test reagent or vehicle di- 
luted in Ca*+, Mg*+-HBSS/BSA (0.1 mL), equilibrated 
to 37°C with shaking for 10 min, then A231 87 and/or 
PMA or vehicle (~0.25% final DMSO) (5 pL) was 
added, normally for a further 15 min. Incubations were 
terminated by adding 0.75 mL ice-cold Ca*’ and Mg*+- 
free HBSS containing 2 mM EDTA, and by transferring 
tubes to an ice bath prior to centrifugation. Radioactivity 
in cell supematants was quantified by liquid scintillation 
counting, and calculated as a percentage of the total 
radioactivity incorporated by the cells. T.L.C. analysis 
showed that 80-90% of the released radioactivity co- 
chromatographed with authentic arachidonic acid. In the 
text, released radioactive material is referred to as [3H] 
arachidonic acid. 

Cell fractionation 

Identical numbers (2.5-5 x 10’ cells) of undifferenti- 
ated or 96 hr differentiated U937 cells were centrifuged 
and washed with phosphate buffered saline. In most ex- 
periments, washed cells were resuspended in Ca*‘, 
Mg*+-HBSS (1 mL), and stimulated with A23187 (5 
pM) and PMA (30 nM) for 2 or 5 min at 37°C to activate 
PLA, before being centrifuged again and resuspended in 
ice-cold homogenising buffer (1 mL). Cells were ho- 
mogenised at 0-4°C using an all-glass Potter-Elvehjem 
type homogeniser. The basic homogenising buffer, com- 
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prising 20 mM HEPES, pH 7.5, 10 clg/mL leupeptin, 1 
mM sodium orthovanadate, and 0.4 mM phenyl methyl 
sulphonyl fluoride (PMSF) (freshly added), was em- 
ployed when the distribution of cPLA, between mem- 
branes and cytosol was to be measured. For all other 
studies, CaCl, (0.1 mM) was added to the basic homoge- 
nising buffer. Membranes were pelleted by centrifuging 
the homogenate at 100,000 g for 60 min at 4”C, then 
dispersed in homogenising buffer (1 mL). 

Determination of cPL& activity 

cPLA, in U937 cell fractions was assayed using son- 
icated liposomes containing 1 -stearoyl-2-[ 14C] arachi- 
donoyl-phosphatidylcholine and sn- 1 ,Zdioleoyl glyc- 
erol at a molar ratio of 2: 1 as described by Kramer et al. 
(121. The assay mixture contained 2 @VI radioactive 
phosphatidyl choline (50,000 cpm), 1 p,M dioleoyl glyc- 
erol, 80 mM glycine, pH 8, 150 mM NaCl, 3 mM Ca*‘, 
2 mg/mL BSA, 2 mM dithiothreitol, and 50 @ U937 
cell fraction (25-150 kg protein) in a total volume of 0.2 
mL. In studies of the Ca2+ requirement of U937 cPLA,, 
Ca2’ was replaced by EGTA (2 mM). After 30 min at 
37”C, incubations were terminated by acidification, and 
liberated [14C]AA extracted into hexane-isopropanol (1: 
1). The upper organic phase was applied to silica mini- 
columns, [14C]AA eluted with hexane, and quantified by 
liquid scintillation counting. The recovery of AA 
through extraction and chromatography was 85 f 2% (n 
= 20). To ensure linear kinetics, measurements were 
made at ~3% substrate conversion. This assay is consid- 
ered to be selective for cPLA, in view of the instability 
of type II PLA, towards the reducing agent dithiothreitol 
present in the assay medium [24]. 

Potency of the cPLA, inhibitor AACOCF, was deter- 
mined in a triton X-100 mixed micelle assay using par- 
tially purified cPLA, obtained by cloning the cDNA for 
U937 cell cPLA, in yeast cells (kindly provided by Dr. 
Y. Ivashchenko, Rhane-Poulenc Rorer Ltd.). The en- 
zyme had a specific activity of 4.6 nmol AA/min per mg 
protein in the assay described. The assay mixture con- 
tained 50 pM l-stearoyl-2-[14C]arachidonoyl-phosphati- 
dylcholine substrate (50,000 cpm), 80 mM glycine, pH 
8, 200 FM triton X-100, 50% glycerol, 2.5 mM Cazf, 2 
mg/mL BSA, and 2 mM ditbiotbreitol in a total volume 
of 0.2 mL. [14C]AA released during 20 min at 37°C was 
quantified as described for the liposomal assay. The as- 
say showed linear kinetics up to 10% substrate conver- 
sion. 

Determination of type II PLA, activity 

This assay employing [3H] oleic acid-labelled E. coli 
cells (strain K12C600) was performed essentially as de- 
scribed previously [20, 261 using 50-100 pg cell ho- 
mogenate protein. It was validated using type II PLA, in 
peritoneal exudate fluid from oyster glycogen primed 
rats [27], which gave concentration-related increases in 
r3H] oleate release. The assay is widely used to measure 
type II PLA, activity because the enzyme shows a pref- 
erence for substrate presented in the physical form of E. 
coli membranes [20]; it was confirmed using the yeast 
cell derived material that cPLA, is not active. 

Immunoprecipitation and Western blotting 

U937 cell incubates (5 x lo7 cells) were centrifuged 
(3000 rpm, 1 min), and the cells lysed in 0.5 mL buffer 
containing 1% triton X-100, 0.5% nonidet P-40, 10 mM 

tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 
0.2 mM sodium orthovanadate, 0.2 mM PMSF, 10 clg/ 
mL leupeptin, and 25 mM sodium fluoride by continu- 
ous agitation at 4°C for 30 min. Insoluble material was 
removed by centrifugation at 12,000 g for 15 min at 4’C. 
Lysate (600 lg protein) was immunoprecipitated by in- 
cubation with cPLA, antiserum (1 in 500) for 1 hr at 4°C 
before adding Pansorbin beads (50 p.L suspension) and 
continuously agitating the suspension for 3 hr at 4°C. 
Beads were centrifuged at 12,000 g for 5 min at 4°C and 
washed 3 times by resuspension in lysis buffer. The 
beads were finally suspended in 30 p.L 2x sample buffer 
(125 mM tris HCI, 4% SDS,. 13 mM dithiothreitol, and 
0.02% bromophenol blue, with or without 10% glyc- 
erol), boiled for 5 min, centrifuged at 12,000 g for 5 min 
at 4”C, and the supematant collected for PAGE. PAGE 
and Western blotting were also performed directly on 
aliquots of lysate, which were mixed 4: 1 with 5x sample 
buffer and boiled. PAGE employed 7.5% gels with the 
Pharmacia Phast System or 6% gels with the Novex 
system and separated proteins were blotted onto nitro- 
cellulose. Blots were blocked with 5% milk powder in 
PBS/O. 1% Tween 20, then incubated with cPLA, antise- 
mm (1 in 5000) for 1 hr at room temperature. Either 
HRP conjugated donkey anti-rabbit antiserum (1 in 
5000) or gold-conjugated donkey anti-rabbit antiserum 
(1 in 500) was used as secondary antibody. Bands were 
visualised according to the recommendations of the sup- 
pliers of ECL or Immunogold reagents, respectively. 

Measurement of t3”‘P] orthophosphate incorporated 
into CPU, 

Differentiated or undifferentiated U937 cells (5 x 107) 
were centrifuged (180 g, 5 min) and washed 3 times with 
20 mL phosphate-free buffer (PFB) (10 mM tris, pH 7.4, 
150 mM NaCl, 3.7 mM KCI, 1 mM CaCl,, 0.1% glu- 
cose, 1 mg/mL BSA). They were resuspended in 0.5 mL 
PFB containing 125 FCi [33P] orthophosphate, incubated 
at 37’C for 1 hr, then diluted with 0.5 mL PFB. Samples 
were treated with A23187 (5 p.M) plus PMA (30 nM) or 
with vehicle for 2 min at 37°C before pelleting the cells 
in a microfuge (3000 rpm, 1 min). Cells were immedi- 
ately lysed and the lysate immunoprecipitated. Radioac- 
tivity in 5 pL aliquots of 2x sample buffer was deter- 
mined by liquid scintillation counting. 

Statistical analysis 

Unless stated otherwise, data in figures and in the text 
are means f SEM from at least three experiments with 
samples in triplicate or quadruplicate. The interaction 
between A23187 and PMA in stimulating [3H]AA re- 
lease from U937 cells was evaluated by analysis of vari- 
ance followed by the Student-Newman-Keuls multiple 
comparison test. P < 0.05 was considered significant. 

RESULTS 

Effects of DMSO digerentiation on [3H]AA release 

[3H]AA release induced by Ca2’ ionophore A23187 
was measured in undifferentiated cells and in cells cul- 
tured in the presence of 1.3% DMSO for up to 96 hr. 
Incorporation of radiolabel was similar for undifferenti- 
ated and differentiated U937 cells (0.05-0.07 @‘lo6 
cells). Unstimulated (basal) release of [3H]AA was less 
than 1% of incorporated radioactivity for undifferenti- 
ated cells and less than 2% for DMSO-treated cells at 24, 
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48, or 96 hr (Fig. 1). A23187 (5 CIM) induced an ap- 
proximate IO-fold increase in r3H]AA release from cells 
cultured with DMSO for 48 or 96 hr but at best caused 
only an approximate doubling of release from undiffer- 
entiated cells at any time of measurement. The ratio of 
A23187-induced [3H]AA release from 96 hr DMSO- 
differentiated cells compared to undifferentiated was 18 
f 3: 1 (n = 8 expts.), and this time of differentiation was 
adopted for subsequent studies. The amount of incorpo- 
rated [3H]AA released from differentiated cells by 
A23187 (up to approx. 20%) was similar to that in an- 
other recent study [28]. The incubation with 5 pM 
A23 187 did not reduce cell viability, which was consis- 
tently >95%. 

Since ligands that bind to G-protein linked receptors 
mobilise AA in a variety of cells [29], the effect of 
protein kinase C stimulation was investigated in 96 hr 
DMSO differentiated cells. PMA (30 nM) alone did not 
increase [3H]AA release, but it synergised with threshold 
concentrations (1 and 3 pM) of A23187 (Fig. 2), sug- 
gesting that the A23 187 dose-response curve was shifted 
to the left without the maximal response being affected. 
Somewhat surprisingly, neither FMLP (0.01-l pM) nor 
LTD, (0.01-0.3 pM) induced [3H]AA release, although 
DMSO differentiated U937 cells have been reported to 
express receptors for these ligands, stimulation of which 
elevated intracellular Ca’+ [30, 311. 

Identification of PLA, responsible for [‘H]AA release 

Three approaches were followed to characterise the 
responsible PLA,. Firstly, cPLA, and type II activities 
were measured dhectly in homogenates of DMSO-dif- 
ferentiated U937 cells using assays selective for the two 
enzymes. Unlabelled cells were stimulated for 5 min 
with A23187 (5 @I) and PMA (30 nM) prior to homog- 
enisation, since this provides a strong stimulus for PLA, 
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Fig. 1. Effect of DMSO differentiation on stimulated [sH]AA 
release from prelabelled U937 cells. U937 cells (2 x IdlmL) 
were cultured in the presence or absence of 1.3% DMSO and 
allowed to incorporate [3H]AA for the final 18 hr. Cultures 
were terminated after 24, 48, or 96 hr, and the washed cells 
stimulated for 15 min at 37’C with A23187 (5 @I) or vehicle. 
t3H]AA in the supematant was quantified by liquid scintillation 
counting and expressed as % of incorporated radioactivity. (m) 
undifferentiated cells + vehicle; (Cl) undifferentiated cells + 
A23187; (0) DMSO differentiated cells + vehicle; (0) DMSO 
differentiated cells + A23187. Mean + SD from 1 expt. with 

quadruplicate samples representative of 3. 

r- 
-l 
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Fig. 2. Synergy between PMA and A23187 in stimulating 
[3H]AA release from DMSO-differentiated U937 cells. U937 
cells (2 x ld/mL) were differentiated with 1.3% DMSO for 96 
hr. with [3H]AA being added for the final 18 hr. Washed cells 
were stimulated for 15 min at 37°C with combinations of PMA 
(30 nM) and A23187 (l-10 @I) added simultaneously. 
[3H]AA release was quantified as described in Fig. 1. The sig- 
nificance of the interaction between PMA and A23187 was 
determined by analysis of variance followed by the Student- 
Newman-Keuls multiple comparison test. **P c 0.001, *P < 
0.01 for PMA + A23187 compared to A23187 alone. Mean + 

SEM, n = 3 expts. in quadruplicate. 

activation in the intact cell (Fig. 2). In the cPLA, assay, 
the homogenate of differentiated cells consistently in- 
creased [t4C]AA release from 1-stearoyl-2-[i4C] arachi- 
donoyl phosphatidylcholine above basal release in the 
presence of homogenising buffer in a totally Ca”-de- 
pendent manner (6.0 f 1.3 fold elevation; n = 3 expts) 
(Table 1). On the other hand, in the E. coli assay, U937 
cell homogenate failed to release [3H] oleate (data not 
shown), suggesting that differentiated U937 cells con- 
tain little, if any, type II enzyme. 

Secondly, the effect of arachidonic acid trifluorome- 
thy1 ketone (AACOCF,), which was reported to show at 
least lOOO-fold selectivity for inhibiting cPLA, over 
type II PLA, [32], was evaluated on A23187 (5 p.M) 
induced [3H]AA release from pre-labelled DMSO-dif- 

Table 1. Ca2+-dependent cPLA, activity is present in homoge- 
nates of DMSO-differentiated U937 cells 

cPLA, activity 
(pmol AA/min per 

Sample 

Homogenising buffer + Ca*+ 
Homogenate + Ca” 
Homogenate + EGTA 

mg protein) 

0.56 f 0.25 
2.96 k 0.95 
0.54+0.18 

U937 cells differentiated for 96 hr with 1.3% DMSO (2.5 x 
10’ cells total) were washed, then stimulated for 5 min at 37’C 
with A23187 (5 pM) and PMA (30 nM), before being homoge- 
nised at 0-4’C in buffer (1 mL) containing CaCl, (0.1 mM) and 
protease and phosphatase inhibitors. cPLA, activity of aliquots 
(50 pL) of homogenates was determined as described in Mate- 
rials and Methods. Ca’+-dependence was assessed by replacing 
Car’ in the assay buffer with EGTA (2 mM). Data for buffer 
alone were “corrected” for the protein concentration of the 
homogenate in each expt. to enable results to be compared as 
specific activities. Mean + SEM, II = 3 expts. in triplicate. 
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ferentiated U937 cells. AACOCF, dose-dependently in- 
hibited [3H]AA release, achieving 80% inhibition at 30 
p.M, which was the highest concentration that could be 
tested without exceeding the ethanol (vehicle) concen- 
tration tolerated by the cells (Fig. 3). The concentration- 
response curve parallelled that for inhibiting enzyme ac- 
tivity of authentic cPLA, in a mixed micelle assay, and 
the IC,, values for inhibiting the two activities were not 
significantly different (12.7 f 1.4 pM for [3H]AA re- 
lease, 9.3 f 2.0 p&l for cPLA,; II = 3 expts). These data 
are consistent with cPLA, being the major source of AA 
generated on cell stimulation. 

In the third approach, we examined the effect of ex- 
ogenous heparin on A23187-induced r3H]AA release 
from DMSO-differentiated U937 cells. Heparin has been 
shown to compete with membrane proteoglycan for 
binding secreted type II PLA,, thereby preventing mem- 
brane de-esterification [16-l 81. The cells were incubated 
with heparin for 10 min at 37°C prior to stimulation with 
A23187 (5 p&i). In three separate experiments, heparin 
at concentrations up to 1.0 mg/mL affected release by 
less than +lO%, although this concentration markedly 
inhibited eicosonoid generation in other cell types in 
which type II PLA, is the responsible enzyme [16, 171. 

Effect of cellular stimulation on CPU, activity against 
exogenous substrate 

It has been reported that the specific activity of cPLA, 
is increased by phosphorylation resulting from cellular 
stimulation [e.g. 131. We determined the effects of stim- 
ulating differentiated U937 cells for 2 min with A23187 
(5 pM) and PMA (30 nM) on cPLA, activity of the 
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Fig. 3. Comparison of the effects of AACOCF, on authentic 
cPLA, enzyme activity and stimulated [3H]AA release from 
DMSO-differentiated U937 cells. Effects on enzyme activity 
were studied in a triton X-100 mixed micelle assay system as 
described in Materials and Methods. AACOCF, was equili- 
brated with substrate, and reaction initiated by adding partially 
purified cPLA,. Uninhibited activity was 4-5 nmol/min per mg 
protein. Effects on [3H]AA release were measured in U937 cells 
(2 x lO’/mL) differentiated for 96 hr with 1.3% DMSO and 
labelled with [‘H]AA during the final 18 hr of culture. 
AACOCF3 was incubated with washed cells for 10 min before 
stimulation for 15 min at 37°C with A23187 (5 @I). [jH]AA 
released was quantified as described in Fig. 1. Uninhibited re- 
lease was 13-185 of incorporated radioactivity. (W), U937 
cells, (0). cPLA,. Mean f SEM, n = 3 expts. in triplicate 

(cPLA, activity) or quadruplicate @H]AA release). 

homogenate against exogenous substrate. After stimula- 
tion, the cells were rapidly microfuged (3000 rpm, 1 
min), then immediately homogenised in buffer with pro- 
tease, and phosphatase inhibitors added to minimise the 
possibility of changing the state of the enzyme on cell 
disruption. In 3 out of 4 experiments, there was no dif- 
ference in cPLA, activity between stimulated and non- 
stimulated cells, and the overall ratio (stimulated/non- 
stimulated) was 1.4 f 0.4: 1 (n = 4 expts) (Table 2). 

Comparison of cPL& protein concentration and 
enzyme activity in differentiated and undiflerentiated 
U937 cells 

The extent to which the 18-fold increase in stimulated 
[3H]AA release from DMSO-differentiated U937 cells 
reflected an increased cellular content of cPLA, was 
investigated. For measurement of cPLA, mass, identical 
numbers of undifferentiated or differentiated cells, with 
or without stimulation by A23187 (5 p.M) plus PMA (30 
nM), were lysed and identical aliquots of lysate sub- 
jected to electrophoresis and Western blotting. Develop- 
ment of the blots with a specific cPLA, antiserum re- 
vealed similar levels of cPLA, protein in the two cell 
populations as judged by densitometty (Fig. 4A). cPLA, 
activity against exogenous substrate was determined for 
homogenates stimulated for 5 min with A23187 (5 @I) 
and PMA (30 nM). Somewhat surprisingly, the activity 
of DMSO differentiated cells was only 1.6 f 0.2-fold 
greater (n = 6 expts) than that of undifferentiated cells 
(2.27 f 0.34 compared to 1.53 f 0.30 pmol AA/min per 
mg protein). The possibility that cPLA, may be only 
transiently activated on cell stimulation was considered. 
Time-course studies demonstrated that after adding 
A23187 (5 p&i) plus PMA (30 nM) to pre-labelled dif- 
ferentiated U937 cells, the level of [3H]AA in the super- 
natant was essentially maximal by 5 min and plateaued 
between 5 and 15 min (Fig. 5), which could imply that 
the enzyme was down-regulated by the 5 min time point 
at which specific activity was determined. However, 
cPLA, activity in homogenates of cells stimulated for 
only 2 min, when AA release was still increasing (2.80 
f 0.32 pmol AA/mm per mg protein) (Table 2), was not 
significantly different from that measured at 5 min. 
cPLA, activity of cell homogenates was thus similar for 
non-differentiated and DMSO-differentiated cells. 

Increased AA generation in PMA-differentiated U937 
cells was ascribed to increased membrane association of 
cPLA, in the resting cell [22]. The membrane/cytosol 
distribution of cPLA, in unlabelled DMSO differenti- 
ated and undifferentiated cells was measured after ho- 
mogenisation in buffer without added Ca”, a procedure 
similar to that used by the previous workers [22]. The 
cells were not stimulated before homogenisation. In con- 
trast to the findings in PMA-differentiated cells, the frac- 
tion of membrane-bound cPLA, activity in DMSO-dif- 
ferentiated cells (calculated from total cPLA, activities 
in membrane and cytosol) was actually lower in 2 out of 
3 experiments, and overall there was no significant dif- 
ference between mean values (18.7 f 2.8% for undiffer- 
entiated, 13.4 f 4.0% for differentiated) (Table 3A). In 
all three experiments, cPLA, activity in cytosol was 
higher in DMSO-differentiated cells (Table 3B), 
whereas in PMA-differentiated cells cytosolic activity 
was reported to decline [22]. Furthermore, the ratio of 
cPLA, activities in cytosol for DMSO-differentiated 
compared to undifferentiated cells (2.0 f 0.2: 1, n = 3 
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Table 2. Effect of stimulation with (A23187 + PMA) on cPLA, activity in homogenates of differ- 
entiated U937 cells 

cPLA, activity in homogenate (pmol AA/min per mg protein) 

Experiment Non-stimulated (A23187 + PMA) (A23187 + PMA)/Non-stimulated 

1 2.4 2.5 1.0 
2 3.9 3.7 1.0 
3 2.1 2.3 1.1 
4 1.1 2.6 2.4 

U937 cells differentiated for 96 hr with 1.3% DMSO (2.0-2.5 x 10’ cells per treatment) were 
washed, then incubated for 2 min at 37°C with A23187 (5 pM) plus PMA (30 nM) or with vehicle 
in Ca*+/Mg’+-HBSS buffer (1 mL). Cells were rapidly centrifuged (1 min), then immediately ho- 
mogenised at 0-4T in buffer (1 mL) containing 0.1 mM CaCl, and protease and phosphatase 
inhibitors. cPLA, activity of aliquots (50 @J of the homogenates was determined as described in 
Materials and Methods. Mean values from triplicate determinations in each experiment. 

expts) was similar to the ratio of activities in the cell 
homogenate (1.6 f 0.2: 1), again consistent with there 
being no marked change in intracellular distribution of 
cPLA, during differentiation. 

Is CPU, activated without phosphorylation in 
DMSO-differentiated cells? 

The question of whether a difference in extent of 
phosphorylation of cPLA, on cellular activation ac- 
counts for the difference in AA release between non- 
differentiated and differentiated cells was addressed in 
two ways: by direct measurement of [33P] orthophos- 
phate incorporated into cPLA, immunoprecipitates, and 
by looking for an electrophoretic mobility shift due to 
the slower-moving phosphorylated cPLA, [25,33]. Con- 
trol studies in which U937 cell lysates were immuno- 
precipitated and analysed by Western blotting confirmed 
the ability of the antiserum to immunoprecipitate cPLA, 
(Fig. 4B). Cells (5 x 107) incubated for 60 min in me- 
dium containing [33P] orthophosphate as the only phos- 
phate source had low basal incorporation of radiolabel 
into cPLA,, which was 2-3 fold higher in DMSO-dif- 
ferentiated cells (non-differentiated 369 f 12 cpm/5 pL, 
differentiated 1111 f 141 cpm/5 pL; mean f range, n = 
2 expts). In both cell types no increase in [33P] labelling 
of cPLA, immunoprecipitates resulted from stimulation 
for 2 min with A23187 (5 @I) plus PMA (30 nM) 
before preparing cell lysates (non-differentiated 337 + 
14 cpm/ 5 pl, differentiated 970 f 92 cpm/5 pl; mean f 
range, n = 2 expts). This was unlikely to be an artefact 
due to a poor physiological state of the cells, since they 
retained good viability in the two experiments (undiffer- 
entiated 95, 90%; differentiated 93, 85%). Furthermore, 
the antibody has been shown to recognise phosphorylat- 
ed cPLA, [25]. In additional studies with unlabelled 
non-differentiated or differentiated cells, identical num- 
bers (5 x 107) were stimulated for 2 min with A23187 (5 
p.M) plus PMA (30 nM), or treated with vehicle before 
being lysed, and aliquots of lysate subjected to Western 
blotting. Electrophoresis was allowed to continue until 
the 97 kDa marker neared the top of the gel in order to 
increase the resolution of non-phosphorylated and phos- 
phorylated cPLA, [25, 331. All samples showed a sim- 
ilar pattern of one major band of molecular size expected 
for cPLA, and a minor band with slightly greater mi- 
gration (Fig. 4A). There was no evidence of a slower- 
moving component resulting from A23187 plus PMA 
stimulation of DMSO differentiated cells. 

DISCUSSION 

cPL.A, mediation of increased AA generation in 
DMSO-differentiated U937 cells 

It is unwise to assign functions in U937 cells to dif- 
ferent PLA, enzymes based on activity measurements 
alone, since these cells have been reported to contain 
endogenous materials that interfere with the determina- 
tion of both type II PLA, [34] and cPLA, [ 10, 111. The 
fact that we could measure only cPLA, activity in ho- 
mogenates thus does not necessarily preclude the in- 
volvement of type II PLA, in AA release. On the other 
hand, the observation that the cPLA, inhibitor 
AACOCF, inhibited A23187-induced [3H]AA release 
from DMSO-differentiated cells by at least 80% is more 
persuasive evidence that cPLA, is responsible for the 
great majority of AA generation. This compound inhibits 
cPLA, by forming a stable hemiketal with a serine or 
threoinine group involved in the catalytic mechanism 
[32, 351. Its reported selectivity of more than 1000 fold 
for cPLA, over type II PLA, [32] probably reflects the 
fact that such groups are not required for catalysis by 
type II PLA, [36]. The similarity of AACOCF, concen- 
tration-response curves for inhibiting cPLA, activity and 
stimulated [3H]AA release from U937 cells, and similar 
IC,, values (9.3 f 2.0 and 12.7 + 1.4 @I, respectively) 
strongly suggest a causal relationship between these two 
activities of AACOCF,. Whilst this work was in prog- 
ress, another group reported that the rank order of po- 
tency of analogues of AACOCF, in inhibiting AA re- 
lease from U937 cells correlated with that for inhibiting 
cPLA, [37], AACOCF, itself having an IC,, against 
release (8 FM) similar to our own value. Our results 
corroborate those findings and support the validity of 
using AACOCF, as a pharmacological tool for investi- 
gating the role of cPLA,. 

Evidence that type II PLA, acts by being secreted, and 
binding to the external surface of the cell, has arisen 
from the observations that exogenously added type II 
PLA, can amplify eicosanoid release [18, 381, and that 
agonist-induced release is inhibited by antibodies to type 
II PLA, [18, 381, by exogenous addition of competing 
glycoproteins such as heparin [16-181 or by enzymatic 
removal of membrane proteoglycan with heparitinases 
[ 171. The fact that heparin, at a concentration that inhib- 
ited type II PLA, mediated eicosanoid generation in 
other cell types [16, 171, had no effect on A23 187-in- 
duced t3H]AA release from DMSO-differentiated U937 
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Fig. 4. Quantification of cPLA, in U937 cell lysates by Western blotting and immunoprecipitation. Identical numbers (5 x IO’ cells) 
of 96 hr DMSO-differentiated or undifferentiated cells were incubated for 2 min at 37T with A23 187 (5 pM) plus PMA (30 nM) 
or vehicle before being lysed. (A) Identical aliquots of lysate were subjected to PAGE on a 6% gel. cPLA, on Western blots was 
visualized with specific cPLA, antiserum and ECL detection. For the blot shown, electrophoresis was continued until the 97 kDa 
marker neared the top of the gel. (B) Identical aliquots of Iysates of stimulated differentiated or undifferentiated cells were 
immunoprecipitated with cPLA, antiserum, and immunoprecipitated proteins separated by PAGE on a 7.5% gel. cPLA, on Western 

blots was visualised with cPLA, antiserum and Immunogold detection. Single representative experiments shown. 

cells is supportive evidence of the lack of involvement of 
this isoform. The current studies thus extended previous 
observations on eicosanoid generation in DMSOdifferen- 
tiated U937 cells by showing by two criteria that type. II 
PLA, is not involved, but that cPLA, is causally linked to 
AA release. This conclusion is further strengthened by the 
reCent observation that A23187 stimulated the release of 
[3H]AA, but not that of [3H] oleate, from pre-labelled, 
DMSO-differentiated U937 cells [28], consistent with the 
known in vitro selectivity of cPLA, [lO-121. 

Regulation of CPU, activio in U937 cells 

Whilst cPLA, was shown to be responsible for AA 
generation in DMSO-differentiated cells, the lack of re- 
sponse to A23187 stimulation of undifferentiated cells 
was clearly not due toa lack of cPLA, protein or a lack 
of functional catalytic activity in broken cell prepara- 
tions. The fact that other workers have purified cPLA, 
W Wll-6 

from undifferentiated U937 cells also testifies to the 
presence of significant amounts of the enzyme in these 
cells [lo, 121. The proposal of Rehfeldt and co-workers 
[22] that increased AA release from PMA-differentiated 
U937 cells resulted from increased membrane associa- 
tion of cPLA, in the resting cell (3-fold elevation) was 
not tenable for DMSO differentiated cells. It is difficult 
to interpret unambiguously the results from enzyme dis- 
tribution studies because the association of cPLA, with 
membrane through its Ca ‘+-lipid binding domain is rel- 
atively weak [II, 141, and the proportion bound may 
change if the Ca*’ concentration changes on cell disrup- 
tion. Nevertheless, using a homogenizing buffer without 
added Ca*+, similar to the procedure of Rehfeldt and 
co-workers, we saw neither an increase in the mem- 
braneicytosol ratio in differentiated cells nor a decrease 
in cytosolic cPLA, activity. 

It has been shown in a number of cell types that cel- 
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Fig. 5. Time course of stimulated [3H]AA release from DMSO- 
differentiated U937 cells. U937 cells (2 x ld/mL) were differ- 
entiated for 96 hr with 1.3% DMSO, and labelled with [3H]AA 
during the fmal 18 hr of culture. Washed cells were stimulated 
with A23 187 (5 pM) and PMA (30 nM) for the times shown at 
37°C before stopping the reaction by chelating Ca*” and chill- 
ing the samples on ice. [3H]AA release was quantified as dc- 
scribed in Fig. 1. Mean f SD, 1 experiment with quadruplicate 

samples representative of 3. 

lular stimulation induces a kinase cascade leading to 
cPLA, phosphotylation and activation by MAP kinase 
[13,39]. In most reports, the phosphotylated enzyme had 
a 3-4 fold increase in specific activity [13, 33, 39, 401 
and, more importantly, was able to bind to membranes at 
lower (intracellular) Ca2+ concentrations [41,42]. In the 
present studies, the synergy of PMA with threshold con- 
centrations of A23 187 in inducing r3HJAA release from 
DMSOdifferentiated cells is consistent with these cells 
being able to initiate a kinase cascade. However, there 

was no evidence that cPLA, is phosphorylated following 
stimulation of either differentiated or undifferentiated 
cells, as deduced from the lack of [33P] orthophosphate 
incorporation and the lack of an observed electrophoretic 
mobility shift due to the slower-moving phosphorylated 
enzyme [25,33]. It is possible that both these techniques 
lack the sensitivity to detect a small increment in phos- 
phorylation. the former because of low specific radioac- 
tivity of the intracellular [33P] ATP pool, and the latter 
because of methodological difficulties in resolving ade- 
quately phosphorylated and non-phosphorylated cPLA, 
by electrophoresis [33]. On the other hand, the implica- 
tion that increased AA release from differentiated U937 
cells occurs in the absence of cPLA, phosphorylation is 
not inconsistent with the known properties of the en- 
zyme, in that the non-phosphorylated form can bind to 
cell membranes, and exert catalytic activity, at the Ca2’ 
concentrations typically found in an activated cell [43]. 
Furthermore, A23187 is likely to induce a larger, and 
more sustained, increase in intracellular Ca2’ than is 
achieved following receptor stimulation, and this could 
explain why FMLP and LTD, failed to stimulate 
[3H]AA release from DMSO differentiated cells [44], 
despite the reported presence of functional receptors 
coupled to phospholipase C and elevated intracellular 
Ca” [30,31]. The ability of A23187 to achieve maximal 
release of [3H]AA without requiring PKC stimulation 
may support the argument that phosphorylation is not 
required, but it is not conclusive, since in at least one 
other cell type A23187 stimulation was shown to induce 
cPLA, phosphorylation, presumably by activating a 
Ca”-dependent protein kinase [40]. The failure of cel- 
lular stimulation to increase cPLA, activity in ho- 
mogenates of differentiated cells could lx considered 
supportive evidence that the enzyme is not extensive- 
ly phosphorylated in view of the reports noted above 

Table 3. Effect of DMSO differentiation on distribution of cPLA, activity between cytosol and 
membrane fractions 

% membrane - associated cPLA, activity 

Experiment 

1 
2 
3 

(H) 

Undifferentiated Differentiated Differentiated/undifferentiated 

23.4 14.5 0.62 
19.1 19.7 1.0 
13.7 6.1 0.45 

cPLA, activity in cytosol (pmol AA/min per mg protein) 

Experiment Undifferentiated Differentiated Differentiate&undiffemntiated 

1 5.5 12.5 2.3 
2 5.9 12.5 2.1 
3 7.2 11.7 1.6 

Undifferentiated or % hr DMSO-differentiated U937 cells (2.5 x 10’ cells per treatment) were 
washed, then homogenised at WC in buffer (1 mL) ccmt&ning pmterse and phosphatase inhibitors 
but without added Ca*+. The homogenates were centrifuged at IsO. g for 60 min. and the 
membrane pellet nsuspe&ed in homogenising buffer (1 nrL). cPLA, activity of aliquots (50 JIL) of 
membrane and cytosol frrctians was &emtb@asdescrlbedhth&erialsatxtMethods.(A)% 
membraneYIBdocIIL1cd cPLAs activity c&&ted from total cPLAa &vity of membrane and cytosol 
fmcths. (Et) actual cPLA2 spccr~ activity in qtosols frmn the same the experiments. Mean 
values from tripIieate determlnationa in each experiment. 
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demonstrating an increase in specific activity on phos- 
phorylation. Stimulated [3H]AA release in the absence 
of a change in cPLA, specific activity could thus be 
explained by release requiring the phosphorylation of 
only a small proportion of the total pool of cPLA, (un- 
detectable in the present studies) or by increased mem- 
brane association of the non-phosphorylated enzyme in 
response to elevated intracellular Ca*+. 

The aforegoing discussion does not adequately ex- 
plain why DMSO-differentiated cells generated more 
AA than undifferentiated cells. Increased release was not 
merely a consequence of increased incorporation of ra- 
diolabel into membrane phospholipids, since uptake did 
not change during differentiation. Furthermore, there 
was shown to be no difference in mass of esterified AA 
between undifferentiated and PMA-differentiated U937 
cells [7], which show a similar increase in AA-generat- 
ing capacity to DMSO-differentiated cells. A decrease in 
the activity of lysophosphatide acyltransferase, which 
re-incorporates free AA into membrane phospholipids, 
could lead to increased AA release in the absence of 
elevated cPLA, activity. As far as we are aware, the 
activity of this enzyme in DMSO-differentiated U937 
cells has not been reported and is worthy of future study, 
although no difference was found between undifferenti- 
ated and phorbol ester differentiated U937 cells [7]. A 
redistribution of AA to membrane phospholipids that are 
more preferred substrates for cPLA, could theoretically 
improve the efficiency of catalysis, but this seems un- 
likely since in undifferentiated U937 cells AA is primar- 
ily incorporated into phosphatidyl ethanolamine [45], 
which is a good substrate for cPLA, [42]. The most 
likely explanation for the low activity of undifferentiated 
cells is either that they lack an essential factor required 
to couple elevated intracellular Ca*+ to functional cPLA, 
activity or that they contain an endogenous inhibitor or 
repressor of cPLA, activity. It would be hypothesized 
that the repressor function is lost on differentiation or 
when activity is measured in broken cell preparations in 
assays employing exogenous substrate and high (mM) 
Ca*+ concentrations. With regard to the first possibility, 
it is of interest that a similar suggestion has been made 
for HL60 granulocytes, where differentiation with dibu- 
tyryl cyclic AMP also led to a marked increase in stim- 
ulated eicosanoid generation attributable to cPLA,, 
whereas cPLA, activity in homogenates was not in- 
creased [46]. With regard to the second possibility, there 
are numerous reports of endogenous cellular inhibitors 
of PLA,, including inhibitors of cPLA, in U937 cell 
homogenates [lo, 1 I] that remain to be characterised. 

In summary, cPLA, was shown to mediate increased 
AA release induced by A23 187 in DMSO-differentiated 
U937 cells. Stimulated release did not reflect increased 
cPLA, specific activity per se, but probably resulted 
from increased Ca*+-dependent membrane association 
of the enzyme. The enhanced ability to generate AA 
accompanying differentiation was not caused by a large 
increase in cellular content of cPLA, or a change in 
membrane/cytosol distribution of the enzyme in the rest- 
ing cell, but appeared due to the removal of a repressor 
that prevents functional activation of cPLA, in undiffer- 
entiated cells. Further work is required to characterise 
the nature of this postulated repressor and to determine 
unequivocally whether or not partial phosphorylation of 
the cPLA, pool is required for increased AA release 
from DMSO-differentiated cells. 
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