
THE JOURNAL OF B~LOGICAL CHEM~RY Vol. 266, No. 24, Issue of August 25, pp. 1563%15643,1991 
0 1991 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S. A. 

Arachidonic Acid Release from Diacylglycerol in Human Neutrophils 
TRANSLOCATION OF DIACYLGLYCEROL-DEACYLATING ENZYME ACTIVITIES FROM AN 
INTRACELLULAR POOL TO PLASMA MEMBRANE UPON CELL ACTIVATION* 

(Received for publication, March 14, 1990) 

Jesus BalsindeS, Emilio DiezQ, and Faustino Mollinedon 
From the Centro de Investigaciones Bioldgicas, Consejo Superior de Investigaciones Cientificas, Velbzquez 144, 
E-28006 Madrid, Spain 

We have studied the capacity of human neutrophils 
to release arachidonic acid from diacylglycerol, em- 
ploying 1-stearoyl-2-[ l-‘4C]arachidonoyl-sn-glycerol 
and l-[l-‘4C]stearoyl-2-arachidonoyl-sn-glycerol as 
exogenous substrates. We have found that arachidonic 
acid is removed from diacylglycerol by the sequential 
action of two enzymes. First, the sn-1 position is split 
by 1-diacylglycerol lipase activity, and then, arachi- 
donic acid is released from the resulting 2-monoacyl- 
glycerol by a 2-monoacylglycerol lipase. The specific 
activity of the 2-monoacylglycerol lipase, using 2-[l- 
“C]arachidonoy1-8n-glycerol as exogenous substrate, 
was at least g-fold higher than that of 1-diacylglycerol 
lipase, indicating that the action of the 1-diacylglycerol 
lipase is the rate-limiting step in arachidonic acid re- 
lease from diacylglycerol. Postnuclear supernatants 
from A23187-treated cells showed a 2.5-fold increase 
in both lipase activities. The arachidonic acid-releas- 
ing diacylglycerol lipase system showed an optimum 
pH of 4.5 and was not inhibited by EGTA or stimulated 
by Ca’+, Mg’+, Mn’+, Zn2+, or Co2+. However, arachi- 
donic acid release was inhibited by Hg’+, suggesting 
the involvement of sulfhydryl groups in catalytic activ- 
ity. 

The subcellular distribution of both 1-diacylglycerol 
lipase and 2-monoacylglycerol lipase activities was ex- 
amined in resting and A23197-treated human neutro- 
phils by fractionation of postnuclear supernatants on 
continuous sucrose gradients. Both lipases were local- 
ized mainly in the membrane of gelatinase-containing 
granules, which were resolved from cytosol, plasma 
membrane, phosphasomes, and specific and azurophilic 
granules. When neutrophils were stimulated by the 
calcium ionophore A23197, a drastic shift of the l- 
diacylglycerol lipase and 2-monoacylglycerol lipase to- 
ward the plasma membrane was detected. This shift 
was due to fusion of gelatinase-containing granules 
with the plasma membrane upon neutrophil stimula- 
tion. As a result of the membrane fusion process, the 
capacity to release arachidonic acid from diacylglyc- 
erol was increased. This translocation from the mem- 
brane of gelatinase-containing granules to the plasma 
membrane may play an important role in regulating 
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the diacylglycerol level in stimulated human neutro- 
phils. 

One of the early events in neutrophil activation is the 
liberation of arachidonic acid (AA)’ from membrane phospho- 
lipids and its further oxygenation to produce eicosanoids, a 
family of potent bioactive compounds (1). Considerable efforts 
have been made to identify the pathways for AA mobilization 
from cellular phospholipids. Although the steps involved in 
this process are not well understood, it is assumed that, at 
least in phagocytic cells, the main step involves the action of 
phospholipase AZ (2-9). 

Nevertheless, pathways other than those involving phos- 
pholipase AZ have also been suggested to play a role in AA 
mobilization. Among them, the release of AA from diacylglyc- 
erol (DAG) generated upon agonist stimulation has been 
considered as another important pathway of production of 
free AA in certain cell types, such as platelets (10). 

DAG accumulates transiently in activated neutrophils as a 
consequence of the degradation of inositol lipids by phospho- 
lipase C (2,11-17). Although the pathway has been considered 
to be responsible for the majority of the DAG formed during 
neutrophil stimulation, recent evidence suggests that choline 
glycerophospholipids are a more important source of DAG, 
through an indirect pathway involving the sequential action 
of phospholipase D and phosphatidate phosphohydrolase (18- 
24). 

In a previous report (25), we studied the substrate specific- 
ity, pH dependence, and subcellular location of phospholipase 
A, activity in resting and activated neutrophils. The present 
study was undertaken to define another putative pathway for 
AA release in human neutrophils. We have studied the sub- 
cellular localization of DAG lipase activity in resting and 
activated human neutrophils. In addition, we have investi- 
gated the catalytical and activation properties of this activity 
in an attempt to determine its relative contribution to the 
process of AA mobilization in human neutrophils. 

EXPERIMENTAL PROCEDURES 

Materia2s-l-Stearoyl-2-[l-‘4C]arachidonoyl-sn-glycerol (specific 
activity 56 mCi/mmol) was purchased from Amersham International 
(Amersham, England, United Kingdom). 2-[l-‘4C]Arachidonoyl-sn- 
alvcerol was obtained by incubating the latter diacylglycerol with 
&opus arrhizus lipase- (Sigma). lr[l-“‘C]Stearoyl-2-arachidonoyl- 
sn-glycerol was obtained by phospholipase C (Boehringer Mannheim, 
Mannheim, Federal Republic of Germany) treatment of 1-[1-“C] 

1 The abbreviations used are: AA, arachidonic acid; DAG, 1,2- 
diacylglycerol; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid, MAG, monoacylglycerol; EGTA, [ethylenebis(oxyethylene- 
nitrilo)]tetraacetic acid. 
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stearoyl-2-arachidonoyl-sn-glycero-3-phosphoinositol. The  latter 
phospholipid was biosynthesized as described previously (25). The 
calcium ionophore A23187  was from Sigma. Lymphoprep was from 
Nyegaard (Oslo, Norway). Organic solvents were  of analytical grade 
from Merck (Darmstadt, Federal Republic of Germany)  or  Scharlau 
(Barcelona, Catalonia, Spain). Substrates for enzyme assays and 
other chemicals were from Sigma. 

Isolation of Neutrophils-Neutrophils were prepared from fresh 
human peripheral blood after removal of erythrocytes by sedimenta- 
tion  at  unit gravity through dextran, followed by Lymphoprep cen- 
trifugation to separate mononuclear cells (25,  26). Final cell prepa- 
ration contained more than 98% neutrophils, as assessed by Giemsa- 
Wright  stain. 

Neutrophil Stimulation-Neutrophils were resuspended in  a buffer 
consisting of:  150 mM NaCl, 1.2 mM MgClz, 1.3 mM CaC12,  5.5 mM 
D-glUCOSe, 10 mM Hepes, pH 7.5, to a  concentration of lo7 cells/ml 
and stimulated with M A23187 for 3 min at 37 "C. Reactions 
were stopped by adding an excess of ice-cold buffer and by placing 
the tubes  on ice.  Cells  were disrupted and processed to obtain the 
postnuclear fraction (25, 26) and immediately assayed for DAG lipase 
activity as described below. 

Subcellular Fractionation of Resting and Activated Human  Neutro- 
phils-Cells  were disrupted by hypotonic shock and homogenization 
as described (25,  26). The postnuclear supernatant was fractionated 
on  a sucrose gradient using a SW-27 rotor (Beckman) at 25,000 rpm 
(113,000 X g) for 10 min as previously described (25, 26). At the end 
of the run, fractions (the first one of 6 ml, and  the remaining seven 
of 4 ml) were collected by pumping 60% (w/w) into  the bottom. For 
the subcellular fractionation of activated cells, neutrophils were stim- 
ulated with M calcium ionophore A23187 for 3 min at 37  "C prior 
to cell disruption and  fractionation as described above. 

Assay for DAG Lipase and MAG  Lipase-DAG lipase was deter- 
mined in 100 mM  of the appropriate buffer (pH 4.0-6.0, sodium 
acetate;  pH 6.0-7.0, L-histidine; pH 7.0-9.0, Tris-HC1; pH 9.0-10.0, 
glycine), containing  2 mM CaC12 in  a final volume of  250 pl. Radio- 
labeled DAG substrates were diluted with a non-radioactive standard 
(Sigma) to a specific activity of 1000 cpm/nmol. Reactions were 
conducted at 37  "C for the indicated periods of time and included the 
adequate quantity of sample (up  to 100  pg of protein) and 25  nmol of 
radiolabeled lipid substrate, added as a suspension obtained by soni- 
cation  in the corresponding assay buffer. Incubations were terminated 
by addition of  4.06 ml of a mixture of chloroform/methanol/n- 
heptane (125:141:100,  by volume). To separate the free I4C-fatty acid, 
1.25 ml  of a buffer consisting of 50 mM potassium carbonate, 50 mM 
potassium borate, 50 mM potassium hydroxide, pH 10.0, was added 
(27). After centrifugation at  600 X g for 15 min, an aliquot of the 
upper aqueous layer containing the free fatty acid was evaporated in 
a counting vial and radioactivity was assayed employing a Triton X- 
100 scintillation mixture (28). For analysis of radioactive content in 
MAG,  lower organic phases were dried under nitrogen, and  their lipid 
contents were separated by thin-layer chromatography. Plates were 
developed with n-hexaneldiethy1 ether/acetic acid (70:30:1), air-dried, 
and rechromatographed with the same system (29). Areas containing 
MAG  were scraped and assayed for radioactive content. 

MAG lipase was assayed at pH 4.5 under the same conditions 
described above  for DAG lipase, using 2-[l-14C]arachidonoyl-sn-glyc- 
erol as exogenous substrate. 

Radioactivity measurements were converted to nmoles of product 
by using the specific activity of substrate. Blank values obtained from 
controls lacking cell protein were subtracted from the experimental 
values. Enzymatic measurements were linear with time and protein 
concentration under the above assay conditions. Reactions showed 
zero-order kinetics for the substrate  concentrations used (100 p ~ ) .  

Assays for Marker Enzymes and Protein-Protein and markers for 
cytosol (lactate dehydrogenase), plasma membrane (5'-nucleotidase), 
phosphasomes (alkaline phosphatase), tertiary granules (gelatinase), 
specific granules (lysozyme), and azurophilic granules (P-glucuroni- 
dase) were assayed as previously described (25, 26). 

Data Presentation-Unless otherwise stated,  results  are given as 
means k S.E. of the number of experiments indicated. 

RESULTS 

Properties of AA-releasing DAG Lipase in Human Neutro- 
phils-The AA-releasing DAG lipase activity of postnuclear 
fractions obtained from resting neutrophils was measured as 
a function of the pH value of the reaction mixture (Fig. lA). 

p H  time(rnin) 
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FIG. 1. Properties of arachidonic acid-releasing diacylglyc- 
erol lipase in human neutrophil postnuclear supernatants. 1- 
Stearoyl-2-[l-14C]arachidonoyl-sn-glycerol (25,000  cpm;  25 nmol) was 
used as substrate. A, effect of pH (75 pg  of protein; 30 min); E, time 
course of the reaction (75 pg  of protein); C, effect of protein concen- 
tration (30-min incubation): D, effect of substrate concentration (30- 
min incubation).  Experiments shown in panels B, C, and D were 
conducted at  pH 4.5. 

TABLE I 
Effect of divalent cations on neutrophil diacylglycerol  lipase activity 
Neutrophil postnuclear fractions were prepared and analyzed for 

DAG lipase activity at pH 4.5 as described under "Experimental 
Procedures." 1-Stearoy1-2-[1-"C]arachidonoy1-sn-g1ycero1 was  used 
as substrate. 2 mM divalent cations  in chloride form was added in 
each case. The activity in the absence of added cations was taken as 
100% (about 1000 cpm/assay, equivalent to a specific activity of 0.42 
nmol/min/mg protein). Results are shown as mean f range of two 
different determinations. 

Addition DAG lipase activitv 

None 
Caz+ 
Mg2' 
Zn2+ 
co2+ 
Mn2+ 
Hg2' 
EGTA 

% 

100 
1 0 0 f  3 
90 f 6 
76 f 8 
92 f 5 
96 * 4 
29 k 9 

123 k 8 

Maximal activity was seen at pH 4.5. Appreciable activity was 
also observed at neutral-alkaline pH values. The activity was 
linear up to 45 min and up to 100 pg  of protein (Fig. 1, B and 
C). Under optimal assay conditions, the effect of varying the 
concentration of exogenous DAG on the production of free 
[14C]AA  was examined. Substrate concentrations above 100 
p~ were saturating (Fig. 1D). From these data, apparent VmaX 
and K ,  values were calculated, being 0.50 f 0.05 nmol/min/ 
mg protein and 45 f 5 pM, respectively. 

We examined next  the metal ion requirements of AA- 
releasing lipase activity. As indicated in Table I, DAG lipase 
was not significantly affected by 2 mM Ca", M$+, Zn2+, Co2+, 
or MnZ+. Interestingly, HgZ+ ions produced a remarkable 
inhibitory effect. This result suggests the involvement of 
sulfhydryl groups in catalytic activity. On the other hand, the 
presence of EGTA in the reaction mixture showed a slight 
stimulatory effect. 

We studied the behavior of the AA-releasing DAG lipase 
during the cell activation process. When neutrophils were 
challenged with M calcium ionophore A23187  for 3 min, 
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an increase of about 2.5-fold in the AA-releasing DAG lipase- 
specific activity was observed (0.42 f 0.04 uersus 1.10 f 0.09 
nmol/min/mg protein in the postnuclear fraction of resting 
and activated cells, respectively). 

Enzymatic Basis of AA Release from DAG--In order to 
examine whether the release of AA from DAG was due to a 
2-DAG lipase or to the sequential action of a l-DAG lipase 
followed by a 2-MAG lipase, we measured DAG lipase activity 
employing l-[l-14C]stearoyl-2-arachidonoyl-sn-glycerol and 
l-stearoyl-2-[‘4C]arachidonoyl-sn-glycerol as substrates to 
analyze release of both stearic acid and AA. The sequential 
pathway, involving two enzyme activities, has been demon- 
strated to occur in a number of cell systems, such as platelets 
(30-32), rat brain (33), chromaffin cells (34), and human 
amniotic tissues (35). 

When we used l-stearoyl-2-[l-14C]arachidonoyl-sn-glycerol 
as substrate, a very low but appreciable amount of 2-[l-14C] 
arachidonoyl-sn-glycerol was observed (about 100 cpm/assay, 
equivalent to 50-65 pmol/min/mg protein), suggesting the 
participation of l-DAG lipase plus 2-MAG lipase in AA 
release from DAG. This was explored by using l-[l-14C] 
stearoyl-2-arachidonoyl-sn-glycerol as substrate. No l-[ 1-14C] 
stearoyl-sn-glycerol was detected. Moreover, the release of [l- 
“C]stearic acid from this latter DAG occurred at nearly the 
same rate as that previously observed for [l-14C]AA from l- 
stearoyl-2-[l-‘4C]arachidonoyl-sn-glycerol. Studies with post- 
nuclear fractions from A23187-treated cells (10m5 M; 3 min) 
revealed an increase of 2.5-fold of the l-DAG lipase-specific 
activity (as measured by [l-‘4C]stearic acid release), that is, 
the same increase observed for [l-14C]AA release from DAG 
(see above). 

To further ascertain the presence of the 2-MAG lipase 
activity, 2-[‘4C]arachidonoyl-sn-glycerol was prepared. After 
establishing assay linearity conditions, 2-MAG lipase activity 
was measured in postnuclear supernatants from human neu- 
trophils. The specific activity determined for 2-MAG lipase 
was 4.02 f 0.24 nmol/min/mg protein (n = 4), that is, a value 
g-lo-fold higher than that of DAG lipase. Thus, these results 
show that, in accordance to what occurs in other cell systems 
(30-35), DAG deacylation proceeds via the action of l-DAG 
lipase followed by a 2-MAG lipase, which hydrolyzes the MAG 
produced by the first enzyme. Furthermore, the fact that the 
MAG lipase-specific activity is several fold higher than that 
of DAG lipase explains why [l-14C]stearic acid and [l-14C]AA 
are removed from DAG at very similar rates. Thus, l-DAG 
lipase activity constitutes the rate-limiting step in the metab- 
olism of DAG to AA. 

Subcell&r Localization of 1 -DAG Lipase and Z-MAG Lipase 
in Resting Neutrophik-We performed subcellular fractiona- 
tion studies to identify the subcellular localization of the l- 
DAG lipase and 2-MAG lipase activities in resting neutro- 
phils. Postnuclear fractions obtained from resting neutrophils 
were separated on a continuous sucrose gradient under con- 
ditions that resolved cytosol (lactate dehydrogenase), plasma 
membrane (5’-nucleotidase), tertiary granules (gelatinase), 
specific granules (lysozyme), and azurophilic granules (/3- 
glucuronidase) as shown in Fig. 2 (left). Although located in 
both specific and azurophiiic granules, lysozyme was a reliable 
marker for specific granules under the fractionation condi- 
tions used, since it co-fractionates with lactoferrin, which is 
uniquely located in the specific granules (see Refs. 25 and 36). 
Alkaline phosphatase has been recently localized in a novel 
light density organelle named phosphasome (37, 38). Never- 
theless, under the fractionation conditions used, alkaline 
phosphatase co-sedimented with 5’-nucleotidase, a marker 
for plasma membrane (Fig. 2; see also Refs. 25 and 36). 
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FIG. 2. Relative activity distribution of DAG lipases and 
marker enzymes after gradient centrifugation of resting and 
A23187-treated neutrophil postnuclear supernatants. Post- 
nuclear supernatants from resting (left) and A23187-activated (right) 
cells were separated by rate-zonal centrifugation at 25,000 rpm for 10 
min at 4 “C. Plots of relative activity uer.suS percent volume are given, 
where relative activity is the percent activity in a fraction divided by 
the percent volume collected in that fraction. The first fraction (top 
of each gradient) represents the contents remaining in the sample 
layer (cytosol). Data are shown as mean values + S.E. of three 
independent determinations. The percentages of recovered activities 
were higher than 80% for all assayed markers. 

Both l-DAG lipase and 2-MAG lipase activities showed a 
sharp peak of activity, co-fractionating with gelatinase-con- 
taining tertiary granules. The fractionation patterns of both 
lipases and gelatinase were nearly identical (Fig. 2, left). No 
lipase activity was found in fractions corresponding to azur- 
ophilic granules. 

Both l-DAG lipase and 2-MAG lipase behaved as mem- 
brane-bound activities, since they were completely recovered 
in the pellet after centrifugation at 100,000 X g for 90 min of 
neutrophil postnuclear fractions. 

Subcellulur Localization of 1 -DAG Lipase and Z-MAG Lipase 
in Actiuated Neutrophils-Subcellular fractionation studies 
were performed in parallel in resting and in A23187-treated 
cells to determine the location of l-DAG lipase and 2-MAG 
lipase during the activation process. Upon A23187-treatment, 
a substantial change of the relative localization of both lipases 
was observed (Fig. 2, right). The plasma membrane contri- 
bution was noticeably augmented, whereas the relative con- 
tent of l-DAG lipase and 2-MAG lipase in tertiary granules 
was largely decreased (Fig. 2, right). These shifts do not seem 
to be due solely to increases in specific activities as a result 
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FIG. 3. Relative activity difference  distribution of 1-DAG 
lipase, 2-MAG lipase,  5'-nucleotidase,  gelatinase, lysozyme, 
and  protein  after  gradient  centrifugation of neutrophil post- 
nuclear  supernatants  from  A23187-treated cells. Plots of rel- 
ative activity  difference are given,  where  relative activity difference 
is the difference of percent  activity  in a fraction  (resulting from 
subtracting  the  percent  activity  in  the  absence of any  addition  from 
that  in  the  presence of A23187) divided  by the  percent volume 
collected in  that  fraction.  Data  are  calculated  from values taken from 
Fig. 2. Black areas indicate relative increments of the respective 
markers. 

of cell stimulation (see above) but  to  membrane fusion proc- 
esses occurring during cell activation (39-41). The  ionophore 
A23187 at  M induced the release of most of the  gelatinase 
cell content (42). The  remaining  intracellular  gelatinase was 
slightly  shifted  to  denser  parts  in  the  gradient (Figs.  2 and 3). 
The  A23187-induced shifts  towards  the  plasma  membrane  are 
more  evident  in  the relative activity difference plots  shown  in 
Fig. 3. Both 1-DAG  lipase and 2-MAG  lipase activities were 
shifted  to  the  plasma  membrane  fraction  and  to  denser  parts 
in  the  gradient.  This  latter  shift  to  the  bottom of the  gradient 
may  represent fusion of undisrupted  tertiary  granules  with 
the plasma  membrane,  since  the  plasma  membrane  marker 
5'-nucleotidase was  also shifted  to  denser  parts  in  the  gradient 
(Fig. 3). Interestingly, lysozyme was not  shifted  during cell 
stimulation (Fig. 3), suggesting that  the above  described shifts 
in  tertiary  granules  and  plasma  membrane  are  not  due  to 
nonspecific  aggregation. Similar  shifts  both  to  plasma  mem- 
brane  and  to  denser  parts  in  the  gradient  upon cell activation 
have  been previously found for cytochrome b (41); a compo- 
nent of the  membranes of tertiary granules. Gelatinase was 
shifted  also  to  denser  parts  in  the  gradent,  as  the  plasma 
membrane  marker  5'-nucleotidase, suggesting that aggregates 
of tertiary  granules  with  plasma  membrane  are  formed  during 
cell activation. The parallel  shifts of 1-DAG  lipase, 2-MAG 
lipase, gelatinase, and 5"nucleotidase to  denser  parts  in  the 

F. Mollinedo, C. Gajate, and D. L. Schneider,  unpublished  obser- 
vations. 

gradient  further  support  the  location of both lipases  in tertiary 
granules  and  their mobilization towards  the  plasma mem- 
brane  upon cell activation. 

Kinetic  Study of 1-DAG Lipase and 2-MAG Lipase-A ki- 
netic  study of 1-DAG  lipase and 2-MAG  lipase was performed 
in  postnuclear  supernatants  and subcellular fractions from 
resting  and  activated  neutrophils. l-[l-14C]Stearoyl-2-arach- 
idonoyl-sn-glycerol and  2-[ l-14C]arachidonoyl-sn-glycerol 
were used as  substrates for the  measurement of 1-DAG lipase 
and 2-MAG lipase activities, respectively. The  amount of 
radioactive fatty acid  released  from  each substrate was a 
measure of each lipase  activity. In  all cases, the hydrolysis of 
DAG and MAG was found to  be linear for at  least  50  min, 
with  protein  concentrations  up  to 100 pg under assay  condi- 
tions used (results  not  shown).  Apparent K,,, and Vmax values 
at optimal pH of  4.5 were estimated  to be 46 f 6 p~ and 0.53 
f 0.06 nmol/min/mg  protein for  1-DAG  lipase, and 34 f 5 
PM and 4.90 f 0.60 nmol/min/mg  protein for 2-MAG lipase 
in postnuclear  supernatants from resting  neutrophils.  When 
the  tertiary  granule  fraction  (fraction 4, enriched  in lipase 
activity) was used as  the enzyme  source, the K,,, values  for 
both enzyme activities  did  not vary  significantly  from the 
above  values. However, apparent V,,, values were changed to 
1.91 f 0.18 nmol/min/mg  protein  and 23.00 f 2.10 nmol/ 
min/mg  protein for  1-DAG  lipase and 2-MAG lipase,  respec- 
tively. 

When  postnuclear  fractions from  A23187-treated neutro- 
phils were used,  a 2.5-fold increase  in  the  apparent V,,, value 
for 1-DAG  lipase was observed (1.33 k 0.15 nmol/min/mg 
protein).  The  apparent K,,, value did  not vary  significantly 
either in postnuclear  homogenates  or in the subcellular frac- 
tions  enriched  in  "activated DAG lipase (fraction  2), where 
the  apparent V,,, value obtained for this enzyme activity was 
5.33 f 0.83 nmol/min/mg  protein. A similar  kinetic behavior 
was  observed  for 2-MAG lipase  when  measured  in A23187- 
treated cells; whereas  the  apparent K,,, value remained  un- 
changed,  a  modest  increase in  the  apparent V,,, value was 
observed,  yielding  a 1.2-fold increase  over the V,,, value in 
the  postnuclear  fraction of resting cells (6.06 f 0.80 nmol/ 
min/mg  protein uersus 4.90 f 0.60 nmol/min/mg  protein in 
activated  and  resting cells, respectively). 

When  the  plasma  membrane  fraction  (fraction 2, enriched 
in  activated lipases) was used, the  apparent V,,, value for 2- 
MAG lipase activity was 30.1 k 6.36 nmol/min/mg  protein. 

DISCUSSION 

The results  herein  reported  demonstrate  the presence of 
lipase activities  able  to  promote AA release  from DAG in 
human  neutrophils.  This is, to  our knowledge, the  first  report 
determining  the subcellular  localization of lipase activities 
involved in AA release  from DAG in  resting  and  activated 
human  neutrophils. 

In  common  with  the  results  reported  in  other cell types 
(31-35), deacylation of DAG in  human  neutrophils proceeds 
via  a two-step  mechanism involving the  sequential  action of 
two different enzyme activities,  namely a 1-DAG  lipase and a 
2-MAG  lipase. Using DAG labeled in  the  sn-1 or sn-2 position, 
we have  found  that  the two  labeled fatty  acids  are released at  
nearly  the  same  rate,  and  this  occurred  both  with  postnuclear 
fractions  from  resting  and  from A23187-treated cells. This 
demonstrates  that  the  reaction catalyzed  by  1-DAG  lipase, 
i.e. the  first enzyme of the DAG deacylation  mechanism, 
constitutes  the  rate-limiting  step  in  the release of  AA from 
DAG. Thus,  the release of  AA from DAG in human  neutro- 
phils  is  controlled by 1-DAG  lipase activity  activation. 

Recent  studies have demonstrated  that  stimulated  neutro- 
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phils produce significant quantities of 1-alkyl-2-acyl-sn-glyc- 
erol (20, 22-24), an  ether lipid analogous to DAG. This  ether 
lipid derives from the phosphodiesteratic cleavage of phos- 
pholipids other than phosphatidylinositol during cell stimu- 
lation (20-22,  24). Although at  this time the biological signif- 
icance of 1-alkyl-2-acyl-sn-glycerol remains to be elucidated, 
its simultaneous production along with DAG during cell stim- 
ulation suggests a close relationship between both lipids. 
However, reports have appeared showing 1-alkyl-2-acyl-sn- 
glycerol-induced protein kinase C inhibition (43). In  this 
sense, the results of this study reveal that separate pathways 
exist in the cell for DAG and 1-alkyl-2-acyl-sn-glycerol me- 
tabolism since the ether bond present in the sn-1 position of 
1-alkyl-2-acyl-sn-glycerol cannot be  removed  by  1-DAG lip- 
ase. 

Both 1-DAG lipase and 2-MAG lipase activities were local- 
ized almost exclusively in the membranes of tertiary granules. 
The localization of acid enzyme activities in  tertiary granules 
of human neutrophils is not surprising, since as  these organ- 
elles contain  a  proton pump adenosine triphosphatase (39), 
they  constitute  a  dominant  compartment of acidification ac- 
tivity in the human  neutrophil (39). Unexpectedly, we were 
not able to detect relevant lipase activity in azurophilic gran- 
ules. In  this context, we have recently reported that azuro- 
philic granules apparently lack appreciable phospholipase C 
activity (36), whereas acid phospholipase A2 (25) and  D (36) 
activities are readily demonstrable in this granule fraction. 
Thus, these findings seem to suggest that phagocytosing neu- 
trophils do not degrade the phospholipids of ingested micro- 
organisms by means of a phospholipase C/DAG lipase path- 
way. 

Both steps in DAG deacylation in  human  neutrophils were 
unaffected by  Ca'+ ions. This is in partial discordance with 
various studies carried out  in  platelets (31, 44). However, 
inability of Ca2+ to stimulate DAG deacylation has been also 
reported by others in human  platelets (32) and human  am- 
niotic tissue (45). Although the basis of this discrepancy is 
not known, it might be due to  the different experimental 
conditions employed in each case. As pointed out by Chau 
and  Tai (46), it  is more possible that  the calcium effect on 
the AA release process through the deacylation pathway may 
be limited to  the initial hydrolysis of phosphatidylinositol by 
phospholipase C, since this  latter reaction does require Ca'+ 
both in human  platelets  (46)  and  human neutrophils (36). 

When neutrophils were  exposed to  the ionophore A23187, 
a  striking change in the specific activity as well as in the 
relative localization of 1-DAG lipase and 2-MAG lipase ac- 
tivities was  observed. This is, to our knowledge, the first work 
demonstrating  translocation of the enzyme activities involved 
in  the DAG deacylation pathway from an intracellular pool 
to plasma membrane upon cell activation. Kinetic analyses of 
the reactions catalyzed by both 1-DAG lipase and 2-MAG 
lipase activities during the translocation process, revealed 
increases in  the V,,, values with no significant variations in 
the K,,, values. This means that during the translocation 
activation process, changes in  both lipase activities result  in 
modification at sites  distinct from the active site. Whether 
these enzyme modifications are reversible is unknown at 
present. Further work should be conducted with isolated 
enzyme activities to elucidate the  nature of these  alterations. 

Tertiary granules are prone to fuse with plasma membrane 
upon gentle stimulation, and  they precede fusion of specific 
and azurophilic granules (40, 41). Recent studies have indi- 
cated that tertiary granules could constitute  a subpopulation 
of specific granules, enriched in gelatinase (47) and subjected 
to a special degranulatory control, degranulating faster than 

lactoferrin-enriched granules.' Tertiary granules have been 
recently reported to contain  a pool of membrane glycoproteins 
which are  thought to be  involved in cellular adhesion proc- 
esses (42,  48). Tertiary granules are also enriched in acetyl- 
transferase activity (49), the key enzyme involved in platelet- 
activating factor synthesis,  as well as  in components involved 
in superoxide anion production (26, 39, 41). Thus, the local- 
ization of the DAG-deacylating lipases in the membrane of 
tertiary granules of human neutrophils emphasizes the im- 
portance  these enzymes may have during the early biochem- 
ical events  in  neutrophil activation. 

Human  neutrophils lose approximately 9 f 2 nmol of AA 
per mg  of protein  after  3 min of treatment with M calcium 
ionophore A23187 (50), the most potent  agent for triggering 
AA release in human  neutrophils (5). This suggests that 
activated lipases cannot account for a major portion of total 
AA release upon A23187 treatment. Moreover, the presence 
in human  neutrophils of phospholipases A2 having higher 
degrees of activation (25) strengthens the idea that  the DAG 
deacylation pathway plays only a minor role in the AA release 
process. Calculations based on our own results, taking  into 
account the specific activities of activated DAG lipase and of 
phospholipase Az (25,50), reveal that after  3 min of neutrophil 
activation with the calcium ionophore A23187, the DAG de- 
acylation pathway could account for at most 20% of total AA 
released. These  are calculations based on in vitro measure- 
ments of enzymatic activities, and  thus,  they might not reflect 
the pathways for AA mobilization occurring in vivo. However, 
Mahadevappa and Holub (51) have reported that after  throm- 
bin  stimulation of human platelets, the DAG lipase pathway 
accounted for about 15% of total AA mobilized (51). Thus, 
these in vivo results  in  human  platelets fit well with our above 
results in human neutrophils. 

Taken  together, the results herein reported suggest that 
during the cell activation process, the DAG deacylation path- 
way might be centrally involved in  other processes distinct 
from AA release. A primary role for this pathway could  be 
regulating cellular DAG levels. In  this context, the release of 
AA from DAG  would be a collateral event. The importance of 
DAG as an intracellular second messenger is well established 
(52),  and hence, its cellular level must be tightly controlled. 

In platelets, DAG deacylation has also been suggested to be 
a  predominant pathway for DAG metabolism (10, 44). How- 
ever, other  studies have questioned this proposal, indicating 
that conversion of  DAG to phosphatidate by a specific kinase 
is the primary metabolic fate for DAG signal attenuation (53- 
55). Nevertheless, it has been reported that  the DAG deacyl- 
ation pathway is functionally active in attenuating  platelet 
DAG levels in presence of  DAG kinase inhibitors (55, 56). 
DAG phosphorylation appears to be a less important pathway 
in  neutrophils than in platelets. Recent work  by Billah and 
co-workers (21, 24) in  neutrophils  has established that  the 
phosphorylation/dephosphorylation cycle  which connects 
phosphatidate  and DAG levels, favors dephosphorylation of 
phosphatidate  rather than phosphorylation to DAG. Previous 
estimates on DAG kinase activity in homogenates from 
A23187-treated human  neutrophils revealed its presence in 
the membrane fraction with a specific activity of  0.044 -+ 
0.003 nmol/min/mg protein  (11), that is a value  20-fold  lower 
than  that reported in the present study for 1-DAG lipase. In 
agreement with all of these observations is the work  by Preiss 
et al. (14) demonstratsing that neutrophils metabolize DAG 
at a slow rate. The metabolism of dioctanoylglycerol, a cell 
permeable DAG,  by human neutrophils begins after  a latency 
of  30 s, decreasing by 50% over the first 15-30 min of stimu- 
lation (14). This contrasts with the rapid metabolism of 
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dioctanoylglycerol by human platelets, where 80% is con- 
verted to various products within the first 2.5 min, with no 
apparent time lag (55). The existence of a latency time for 
DAG metabolism in human neutrophils could be due to the 
time required  for fusion of tertiary granules with the plasma 
membrane, putatively leading to activation of the DAG de- 
acylation pathway, as previously suggested for the time lag 
observed in the triggering of superoxide anion generation (40, 
41). 
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