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Abstract . Upon engagement of chemoattractant recep-
tors, neutrophils generate inositol trisphosphate and
diacylglycerol (DG) by means of a phosphatidylinositol-
specific phospholipase C (PI-PLC) which is regulated
by a GTP-binding protein(s) . We have previously re-
ported (Reibman, J., H. M. Korchak, L. B. Vosshall,
K. A. Haines, A. M. Rich, and G. Weissmann . 1988 .
J. Biol . Chem. 263 :6322-6328) a biphasic rise in DG
after exposure of neutrophils to the chemoattractant
FMLP: a rapid (<15 s) phase ("triggering") and a slow
(>,30 s) phase ("activation") . These derive from dis-
tinct intracellular lipid pools. To study the source of
rapid and slow DG, we have used a unique probe, pro-
tein I, a porin that is the major outer membrane pro-
tein of Neisseria gonorrhoeae. Treatment of neutrophils
with protein I inhibits exocytosis and homotypic cell
adhesion provoked by FMLP without inhibiting assem-
bly of the NADPH oxidase responsible for OZ genera-
tion . DG turnover in PMN labeled with [3H]arachido-
nate and [14C]glycerol was profoundly altered by protein
I. Whereas the rapid peak of DG was only modestly di-
minished (FMLP vs . FMLP plus protein I = DG la-
beled with [3H]arachidonic acid (1H-a.a.-DG): 142 f
14% SEM vs . 125 f 22% ; DG labeled with the glyc
erol backbone with [14C]glycerol (D-14C-G) : 125 f
10% SEM vs . 1(Y7 f 8.5% SEM), the slow rise in
both 3H-a .a.-DG and D- '4C-G was essentially abol-
ished . Moreover, treatment of neutrophils with 4-4'-

N response to phlogistic agents such as FMLP, neutro-
phils aggregate, move toward chemoattractants, generate
active oxygen species and release digestive enzymes

(exocytosis) (66) . These functional responses are preceded
by a discrete series of intracellular signals: activation of the
GTP-dependent protein (G,), and stimulation of phosphati-
dylinositol 4,5 bisphosphate (PIP Z)-specific phospholipase
C, resulting in generation of the second messengers inositol
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diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS),
which, like protein I, inhibits exocytosis without af-
fecting OZ generation also inhibited slow DG. How-
ever, protein phosphorylation and dephosphorylation
(47pho,,, 66phox) were unaffected in the absence of slow
DG. To determine the source of the slow DG, we have
analyzed radiolabeled phospholipid (PL) turnover
after FMLP f protein I (P.I .) . Treatment of PMN
with FMLP (0.1 AM) resulted in breakdown of phos-
phatidylcholine (PC), beginning at 30 s, and reaching
a nadir at 60 s (3H-PC = 59 f 10.2% SEM of rest-
ing, 14C-PC = 57 t 6.4%) . Protein I (0.25 AM) sig-
nificantly inhibited PC turnover after FMLP ([ 3H]PC
= 95 f 5.6 % and [14C]PC = 86 f 8.4% of resting
at 60 s), but failed to alter the metabolism of 3H- or
'4C-phosphatidylinositol after FMLP (91 f 19.6 and
88 t 16.5% vs . 92 f 9.2 and 91 f 16% at 60 s) .
Increases of [3H]- and ['4C]phosphatidate (PA) pro-
voked by FMLP were unimpaired in the presence of
P.I . (341 f 99 and 210 f 73% vs . 358 f 42 and
187 t 20%). We conclude that FMLP triggers genera-
tion of distinct second messengers for exocytosis and
OZ generation . Degranulation is tightly correlated
with, and may thus require production of the slow
DAG from PC by a PC-specific PLC and whereas
generation of OZ requires phosphatidic acid which can
be formed de novo.

1,4,5 trisphosphate (IP3) and 1,2-sn-diacylglycerol (DG)'
(45, 61). IP3 and DG provoke increments in intracellular

1 . Abbreviations used in this paper: [3H]a.a ., [ 3H]arachidonic acid; [i 4C]-
Gly, [14 C]glycerol ; [3H]a.a .-DG, diacylglycerol labeled with [3H]a.a .,
D-[14C]-G, diacylglycerol labeled in the glycerol backbone with ['4C]Gly;
H-Z buffer, HEPES-buffered saline with 0.02% wt/vol Zwittergent (Z-3,
14); PA,phosphatidic acid ; PC, phosphatidylcholine ; PI, phosphatidylinosi-
tol; P.I ., protein I .
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calcium ([Ca] i), and activation of the Cal+, phospholipid-
dependent kinase, protein kinase C (PKC) (7, 8, 39, 43), re-
spectively. Concomitantly, the cells undergo multiple ion
movements resulting in changes in intracellular pH and
membrane depolarization (18, 32, 54, 67) .

Protein I ofNeisseriagonorrhoeae is the major outermem-
brane protein of the organism, and a voltage-dependent porin
that the bacterium uses to transfer ions and small sugars from
the external milieu to its cytosol . In addition, protein I can
be transferred from the intact gonococcus into artificial lipid
bilayers and human cells (12, 40) . When purified protein I
is added to a suspension of human neutrophils, it associates
with these cells as demonstrated by immunoblotting (30) .
We have previously demonstrated that treatment of neutro-
phils with protein I of N. gonorrhoeae inhibits FMLP-in-
duced homotypic cell/cell adhesion of neutrophils, addition
of membrane to the cell surface, and exocytosis of granule
enzymes (30) . However, assembly of the multicomponent
NADPH oxidase was possible for superoxide anion genera-
tion proceeds in an unimpaired fashion as does calcium move-
ments-measured by changes in the fluorescent dye, Fura-2 .
Protein I did not inhibit exocytosis from neutrophils treated
with phorbol myristate acetate, which directly activates PKC
rather than acting through a receptor bound to the cell sur-
face . We have continued to use this unique probe to dissect
the divergent signaling mechanisms necessary for exocytosis
and generation of OZ provoked by chemoattractants .
We (50), and others (4, 5, 59) have previously reported

that treatment of neutrophils with FMLP generates diacyl-
glycerol from at least two distinct intracellular pools . We
have termed these distinct peaks of DG as follows : (a) a
"rapid" peak, or that which reaches maximal at <15 s after
receptor ligation and then declines, and (b) a "slow" peak,
or that which contributes to rapid DG but continues to rise
throughout activation . In this report we demonstrate that
protein I inhibits slow DG generation after treatment of cells
with FMLP but has no affect on rapid diacylglycerol . DIDS,
an anion transport inhibitor that alters neutrophil functions
in a manner identical to protein I (24, 33) similarly inhibited
DG formation after FMLP Other investigators, by specifi-
cally labeling the pool of 1-0-alkyl, 2-acyl-phosphatidylcho-
line in neutrophils by means of the lyso derivative of EA-PC
have demonstrated that slow 1-0-alkyl, 2-acylglycerol de-
rives from EA-PC by activity of a phospholipase D. In con-
trast, our studies have analyzed the pool(s) ofphospholipids
which have ester-linked fatty acids in both the sn-1,2 posi-
tions . To determine the source ofthe slow diacylglycerol, we
measured radiolabeled phospholipid turnover provoked by
FMLP in the presence and absence of protein I . We have
found that protein I inhibited metabolism of phosphatidyl-
choline without affecting generation of phosphatidic acid or
turnover of phosphatidylinositol . Moreover, phosphoryla-
tion of 47,hox , a component of the NADPH oxidase (44, 64)
and of pp66, a late-appearing phosphoprotein which may be
66phox, proceeded normally despite a lack of prolonged ele-
vation ofdiacylglycerol, the endogenous activator of protein
kinase C (39) .
These data confirm that rapid and slow diacylglycerol are

derived from different phospholipid pools . Furthermore, the
datademonstrate that(a) generation of "slow" diacylglycerol,
associated closely with exocytosis derives from metabolism
of phosphatidylcholine, most likely via activity of a phos-
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pholipase C; (b) diacyl-linked phosphatidate produced after
activation of neutrophils by FMLP is generated de novo (c)
"slow" DG is not required to provoke activation of the C ki-
nase and subsequent phosphorylation of 47pW, and 66,h- ;
and (d) supports the hypothesis published by us (35) and con-
firmed by others (6, 52) that generation and maintenance of
PA rather than generation of slow DG may be an important
signal for assembly of the NADPH oxidase .

Materials and Methods

Buffers and Reagents
Hepes buffer, 150 mM Na+ , 5 mM K+, 1 .2 mM Mgz+, 1 .3 mM Ca'+ , 155
mM Cl- , 10 mM Hepes, pH 7.45 ; PBS containing 0.01 M P04, pH 7.4,
Hepes buffer containing N-tetradecyl-N,N-dimethyl ammonia-l-propane-
sulfonate (Zwittergent ; Z-3, 14, (0.02% wt/vol) (H-Z buffer), cytochalasin
B (Aldrich Chemical Co ., Milwaukee, WI) FMLP (Vega Biochemicals,
Tucson, AZ) .

Neutrophil Separation
Polymorphonuclear leukocytes from normal adult volunteers were isolated
by centrifugation (200 g, 40 min) over a Ficoll-Hypaque cushion (specific
gravity 1 .078-1 .080) . The pellet was removed and subjected to dextran
sedimentation according to the method of Boyum (15) . Remaining erythro-
cytes were removed by hypotonic lysis .

Cell Viability
Cell viability was measured as release of the cytosolic enzyme, lactate
dehydrogenase according to the method of Wacker (65) using the commer-
cially available assay (228-10 ; Sigma Chemical Co., St . Louis, MO) . Aver-
age lactate dehydrogenase release in both treated and untreated cell popula-
tions were <5% for the experiment to be considered valid .

Bacterial Culture andPreparation ofProtein 1
Gonococcal strain R10 were grown on solid typing medium defined by
Swanson (58) . Nonpiliated organisms of the transparent colonial phenotype
wereused . Bacteria weregrown in liquid medium (11) andharvested by cen-
trifugation at 17,000 g . Protein purification was performed as reported pre-
viously (30) . Excess detergent was removed by applying this to a Sephacryl
S-200 columnequilibrated with H-Z buffer. The solution was rendered ster-
ile by filtering through a 0.22-j,m filter.

Diacylglycerol Determination
Diacylglycerol generation was examined as previously reported (50) . Brief-
ly, neutrophils (75 x 106/ml) were suspended in Hepes buffer containing
fatty acid-free BSA (0.1%), [ 3H]arachidonate (3 uCi/ml) and [ 14C]glycerol
(7 ACi/ml) and incubated (30 min, 37°C) . Unincorporated label was re-
moved by washing cells twice in Hepes BSA . Neutrophils (17 x 106) were
incubated (5 min, 37°C) in the presence of cytochalasin B (5 Ag/ml) and
treated with FMLP (0.1 uM) for various times . The reaction was terminated
by the addition of 3 .5 ml of chloroform/methanol (2 :5, vol/vol) . Samples
were extracted by a modified Bligh and Dyer technique as previously
reported (50) . Samples were applied to heat-activated one-dimensional Sil-
ica Gel GF plates and run in hexane/ether/acetic acid (50 :50:1, vol/vol/vol)
(50) . Lipids were visualized by exposure to iodine vapor, scraped off the
plates and counted in a scintillation counter (LS7000 ; Beckman Instru-
ments, Inc ., Fullerton, CA) in 1% Na thiosulfate to bleach the iodine and
10 ml of Dimiscint (National Diagnostics, Inc., Manville, NJ) . Diacyl-
glycerol was identified in comparison to standards of diolein, 1,2-distearin,
1,2 distearoyl-rac-glycerol, di-eicoserwin, triarachidonin, triolein and mono-
lein (all 97-99% pure) . Acyl chain substitutions do not alter the mobility
of DG but 1,3 DG runs separately from 1,2 DG.

To determine what proportion of label was in the 1,2-sn-diacylglycerol
as compared with the 1-0-alkyl, 2-acylglycerol pool, cells labeled with
["4C]glycerol were treated with FMLP (0 .1 uM) and the diglyceride and
monoglyceride fractions were isolated as above . An aliquot of each was
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counted for radioactivity. The diglyceride was reextracted from the silica
and treated with 0.5 N NaOH (30 min, 25°C). The mixture was brought
to neutral pH, lipids were extracted for the third time, separated by TLC
and radioactivity in di- and monoglyceride fractions were measured . Rest-
ing 3H-a.a-DG: 2,095 t 536 cpm SEM; resting D- 14C-G: 461 t 57
cpm SEM.

Phospholipid Determination
Cells were prepared, prelabeled, and extracted as above. Extracts were
run using a two dimensional thin layer chromatography system as follows :
silica Gel H plates with 7.5% Mg acetate were activated by heating at 100°C
for 1 h. Sample were applied under nitrogen and the first dimension (65 :
35 :5.5, CHC13/MeOH/NH40H, vol/vol/vol) were run for 1 h. The plate
was dried under N2 for 1 h, rotated 90°, and run in the second dimen-
sion (30:40: 10 :10:5, CHC13/acetone/MeOH/CH3000H/H20 by volume)
for 1 h 30 min. Lipids were visualized by exposure to iodine vapor, scraped
from the plates and counted as above. Standards: L-a-phosphatidylcholine,
a-arachidonoyl, A-stearoyl ; L-a-phosphatidylinositol ; L-a-phosphatidyl-
ethanolamine ; L-a-phosphatidylserine ; L-a-phosphatidic acid (16) . Resting
3H-a.a .-PC : 42,403 t 3,226 cpm SEM; resting '4C-gly-PC : 4,802 t 322
cpm SEM, resting 3H-a.a .PA; 750 t 202 cpmSEM; resting ' 4C-gly-PA :
288 t 41 cpm SEM.
When levels of phosphatidate alone were of interest, resting PA and PE

was measured as above and a second aliquot was run in the second dimen-
sion only. Changes in counts per minute were attributed to increments in
PA as PE remains unchanged throughout the time course ofthe experiment .

31RLabeling ofIntact Cells
Purified neutrophils (30 x 106) were suspended in Hepes buffer with
[32 p]orthophosphate (0.2 mCi/ml) and incubated 60 min, 37°C . Labeled
cells (2 .5 x 106) were treated with the appropriate stimulus for varying
time points. The reaction was terminatedby the addition of iced TCA(10%)
with EDTA (1 mM), PMSF (2 mM)leupeptin(2 .5 mM), antipain (3.7 mM),
pepstatinA(3.3 mM), aproteinin, (0.01 trypsin inhibitory units), chymosta-
tin (2 .5 mg/ml), and TLCK (6.5 mM) . Samples were then washed with95%
EtOH, 0.05 M NaAc, followed by 100% EtOH, followed by acetone. They
were dissolved in Laemmli sample buffer containing PMSR Insoluble mate-
rial was removed by centrifugation in a centrifuge (Microfuge B; Beckman
Instruments) (8,750 g; 5 min) . Phosphoproteins were separated on a 10%
SDS-polyacrylamide slab gel using the buffer system of Laemmli (48) fol-
lowed by autoradiography using Kodak XAR-2 film. Relative molecular
weights of proteins were estimated by comparison with proteins of known
molecular weight: myosin, b-galactosidase, phosphorylase b, bovine albu-
min, egg albumin, and carbonic anhydrase.

Phospholipase CActivity
Purified phospholipase C activity was measured according to the method
of Bomalaski (14) . Briefly, 1,2 [1-'4C]-dioleyl-phosphatidylcholine (Du-
pont New England Nuclear, Boston, MA) (10 pM, specific activity 72
mCi/mmol) was suspended in deoxycholate (i mg/ml Hepes buffer) .

Propranolol (200 pM) was incubated with the lipid substrate (37`C,
5 min) and phosphatidylcholine phospholipase C (Clostridium perfringens,
1.25 U/ml, Sigma Chemical Co . [St . Louis, MO]) was added for various
time points . The reaction was stopped with the addition of, in sequence,
equal volumes ofchloroform:methanol (1 :2, vol/vol), chloroform, and 4 M
KCI. Samples were kept on ice for 30 min and lipids extracted, isolated by
thin-layer chromatography and quantified as above.

Results

Effect ofProtein I on Diacylglycerol Metabolism
in Neutrophils
Protein I (250 nM) was addedto a suspension of neutrophils
(17 x 106 cells/ml) which hadbeen prelabeled with [3H]ar-

achidonic acid ([3H]a .a ., 3 ACi/ml) and [14C]glycerol (['4C]-
Gly., 7 jACi/ml) . Cells were incubated for 1 min and FMLP

(10-'M) was added for various time points. The reaction
was stopped by the addition of chloroform/methanol, 2 :1 .

Haines et al . Phosphaddylcholine-specific PLC in Neutrophils
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Figure 1. Effect ofprotein I on diacylglycerol production in neutro-
phils. Neutrophils (75 x 106/ml) were incubated with [3H]arachi-
donate (3 uCi/ml) and [14C]glycerol (7 /Xi/n-d) for 30 min and
washed twice in Hepes-BSA buffer. They were pretreated with pro-
tein I (250 nM) (e) or H-Z buffer (o) and treated with FMLP (0.1
pM) for various time points . The reaction was terminated by the
addition of chloroform/methanol (2 :5, vol/vol), samples were ex-
tracted and run on silica gelGF plates . DG was identified by com-
parison to known standards, scraped, and counted. Results are ex-
pressed as percent of resting levels and are a mean of four
experiments. (A) [3H]a.a.DG production, resting: 2,095 f 536
cpm SEM; (B) D['4C]G production, resting: 461 .t 57 cpm SEM .

The lipids were extracted and analyzed for diacylglycerols
by means of thin-layer chromatography. Treatment of cells
with FMLP (Fig . 1, representative experiment) provoked the
generation of diacylglycerol in a biphasic manner, ag we have
previously reported (29, 50) . In accord with previously pub-
lished data, the rapid wave peaked between 5 and 15 s after
addition of FMLP, and returned toward baseline in both the
3H-arachidonate and [14 C]glycerol-labeled pools,of diacyl-
glycerol . Between 30 and 60 s the generation of a slow,
prolongedwave ofdiacylglycerol became apparent . Levels of
diacylglycerol remained elevated for at least 300 s . In the
presence of protein I, however, generation ofboth [3H]a.a .-
DG and diacyl-['4C]glycerol was markedly altered. The rapid
peak of ['H]a.a.diacylglycerol generation was somewhat
diminished (142 f 14 vs . 125 f 22 %) ; the rapid peak of di-
acyl [ 14C]glycerol was even more affected (107 f 8.5% vs.
control = 125 f 10%) . Most strikingly, the slow rise in both
[3H]a.a.DG and diacyl-['4C]glycerol was almost abolished.

Billah et al . (10) and Agwu et al . (1) have demonstrated
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Figure 2 . Lack of incorporation of4C-glycerol intothe ether-linked
diglyceride pool in neutrophils . Neutrophils (75 x 10 6 /ml) were
incubated with [ 14 C]glycerol (7 1Ci/ml) for 30 min and washed
twice in Hepes-BSA buffer. They were treated with FMLP and cel-
lular diglycerides and monoglycerides were extracted and separated
by TLC . The diglyceride and monoglyceride fractions were scraped
and an aliquot counted for radioactivity. The diglyceride fraction
was reextracted and subjected to alkali hydrolysis (0 .5 N NaOH,
37'C, 15 min) . Diglycerides and monoglycerides were quantitated
as in Materials and Methods .

that a fraction of diglyceride generated by neutrophils treated
with FMLP derives from 1-0-alkyl, 2-acyl glycerol (EAG) .
To determine what fraction of labeled diglyceride was EAG,
neutrophils were prelabeled with [1 4C]glycerol and treated
with FMLP for various time points . Diglyceride and mono-
glyceride fractions were separated and an aliquot was counted
for radioactivity. Diglyceride fractions were treated with
0.5 N NaOH to remove ester-linked side chains (10), reex-
tracted and mono- and diglycerides were isolated and counted.
Neutrophils treated with FMLP showed increasing amounts
of ['^C]diglyceride over time with only small amounts of
monoglyceride detected (Fig. 2, open bars) . When this [' 4C]-
diglyceride was subjected to hydrolysis with NaOH, reex-
tracted and reseparated by TLC, the diglyceride fraction was
completely hydrolyzed (right, hatched bars) . However, there
was no parallel increase in the [' 4C]monoglycerides over
time. This demonstrates that the [14C]glycerol is incorpo-
rated into the DAG rather than the EAG pool of diglyceride,
in agreement with findings of others (19) and that our mea-
surements of diglyceride derive solely from sn-1,2 diacyl-
linked lipid precursors .

Effect ofDIDS on Diacylglycerol Generation
DIDS, an inhibitor ofthe anion transporter, has been shown,
both by morphological as well as enzymatic criteria, to in-
hibit degranulation from neutrophils without affecting su-
peroxide anion generation (24, 32) . We therefore determined
whether DIDS affected diacylglycerol generation by neu-
trophils treated with FMLP Neutrophils were prelabeled
with [3H]arachidonate and [14C]glycerol, treated with DIDS
(10-° M) for 5 min then treated with FMLP (0.1 p,M) for
various time points . Pretreatment of neutrophils with DIDS
had no effect on generation of rapid 3H-aa-DG or D-"C-G
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(Fig . 3) ; generation of both pools of slow DG was signifi-
cantly inhibited (3H-aa-DG at 60 s after FMLP + 160 f
18% SEM vs . FMLP + DIDS = 123 t 5% of resting
values ; D- ' 4C-G at 60 s after FMLP = 148 t 5 % SEM vs .
FMLP + DIDS = 123 t 6% SEM of resting values) .

Effect ofProtein I on Kinase C Activation
Diacylglycerol is an intracellular messenger presumed to ac-
tivate protein kinase C, the calcium, phospholipid-depen-
dent protein kinase (39) . Since treatment of neutrophils with
protein I significantly inhibited the slow wave of diacylglyc-
erol production, we determined whether PI also prevented
phosphorylation ofthe 47ph. substrate of PKC in neutrophils .
Neutrophils were prelabeled with ["P]orthophosphate, pre-
treated with protein I (0.25 p.M) for 1-2 min and then treated
with FMLP (0.1 p,M) for 5, 120, and 300 s . Total cell proteins
were precipitated with 10% TCA, separated by PAGE and la-
beled proteins were identified by radioautography and quan-
tified by densitometry (Fig . 4) . Neutrophils treated with
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Figure 3. Effect of DIDS on diacylglycerol production in neutro-
phils . Neutrophils (75 x 10 6 /ml) were incubated with [3 H]arachi-
donate (3 uCi/ml) and "'C-glycerol (7 uCi/ml) for 30 min and
washed twice in Hepes-BSA buffer. They were pretreated with
DIDS (10 -° M) (*) or buffer (0) and treated with FMLP (0.1 'UM)
for various time points . The reaction was terminated by the addition
of chloroform/methanol (2 :5, vol/vol), samples were extracted and
run on silica gel GF plates . DG was identified by comparison to
known standards, scraped and counted . Results are expressed as
percent of resting levels, and are a mean of three experiments . (A)
[ 3H]a .a.-DG production, resting : 2,335 f 329 cpm SEM; (B)
D['°C]G production, resting : 342 t 29 cpm SEM.
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Figure 4. Effect of protein I on protein phosphorylation in neutro-
phils after FMLP Purified neutrophils labeled with [ 32 p]ortho-
phosphate (0.2 mCi/ml) were treated with the appropriate stimulus
for varying time points . Proteins were precipitated with TCA
(10%), washed, and separated on a 10% SDS-polyacrylamide slab
gel followed by autoradiography and densitometry. (A) Buffer (H-
Z) control ; (B) H-Z + FMLP, 15 s ; (C) H-Z + FMLP, 120 s ; (D)
H-Z + FMLP, 300 s ; (E) Protein I (P.1) ; (F) PI + FMLP, 15 s ;
(G) P.1 + FMLP, 120 s ; (H) P1 + FMLP, 300 s .

phorbol myristate acetate (1 ug/ml, 5 min) which directly ac-
tivates protein kinase C were used as a positive control (not
shown) and demonstrated phosphorylation of the 47,000 M,
protein component of the NADPH-oxidase as published pre-
viously by us (28, 50) and others (26, 47, 63) . In addition,
PMA provoked phosphcrylation of a protein of 66,000 M,
(47, 50, 63), the function of which is as yet unknown, but
which may be 66Phox . Resting neutrophils (Fig . 4 A) demon-
strated phosphorylation of multiple proteins but showed no
phosphorylation of 47Pho, (short arrow) or 66ph o , (long ar-
row) . After treatment of neutrophils with FMLP, the 47-kD
protein was phosphorylated by 15 s (Fig . 4 B) and became
dephosphorylated by 120 s (Fig . 4 C). By 120 s, the 66-kD
protein was phosphorylated and was even more prominent by
300 s (Fig . 4 D) . Pretreatment with protein I alone for 60 s
did not elicit phosphorylation of either ofthese proteins (Fig .
4 E); the pattern ofprotein phosphorylation was identical to
that seen in untreated cells (Fig . 4 A vs . E) . Moreover, treat-
ment ofcells with protein I did not interfere with the kinetics
of the phosphorylation and dephosphorylation of the 47Pho ,
and 66pho, proteins after treatment with FMLP (Fig . 4 F, G,
and H) . Confirming our previous results (50), slow diglycer-

Table L Effect ofProtein 1on Phosphatidylinositol Metabolism in Human Neutrophils
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ide cannot be required for activation ofthe protein kinase C,
which phosphorylates 47Pho , and 66pho, .

Efect ofProtein I on Generation ofPhospholipids

To determine the source of the slow diacylglycerol, metabo-
lism of phospholipids by neutrophils treated with FMLP (0.1
1AM) in the presence and absence of protein I was determined .
Cells were prelabeled with ['H]a.a . and [' 4C]glycerol as be-
fore, pretreated with protein I (250 nM) and exposed to
FMLP for various time points . The reaction was stopped
with addition of chloroform/methanol 2 :1 and extracted .

Treatment of neutrophils with FMLP had minimal effect
on levels of either ['H]a.a.-phosphatidylinositol or ['4C]phos-
phatidylinositol (Table I) . At 5 s, ['H]a .a .-PI and [14C]PI

were 112 f 6 and 111 f 2 % of resting levels . By 60 s,
['H]a.a.-PI and [14C]PI were 91 f 20 and 88 t 17% of
resting levels, respectively. Protein I pretreatment had no
significant effect on the metabolism of phosphatidylinositol
triggered by FMLP These findings are incompatible with
the hypothesis that slow DG is derived from breakdown of
phosphoinositides and consistent with previous data that me-
tabolism of the polyphosphoinositides is complete by 1-2
min (36) .

Treatment of neutrophils with FMLP significantly altered
the metabolism of both ['H]a.a-phosphatidylcholine and [' 4 C]-
phosphatidylcholine (Fig . 5), results that parallel changes in
lipid mass (55) . At 5 s after treatment with secretagogue,
levels of both ['H]a.a.-phosphatidylcholine and [' 4C]phos-
phatidylcholine remained close to resting (106 f 1.2 and 102
f 0.8%, respectively.) Treatment with protein I did not alter
rapid levels of either ['H]a.a.-PC or [ 14C]PC (98 ± 2.3 and
90 f 6%, respectively) . However, by 60 s, treatment of neu-
trophils with FMLP resulted in significant metabolism of
both ['H]a.a.-PC and ['4C] PC[3H]a.a.-PC had diminished
to 58 f 10% of resting levels and [14C]PC had diminished
to 57 f 6.5% of resting levels . In the presence of protein I,
metabolism of PC after FMLP was inhibited : ['H]a.a.-PC
remained at 95 f 5% of resting values and [14C]PC dimin-
ished only to 86 f 8% of resting values . We conclude that
slow diacylglycerol is derived from metabolism of diacyl-
linked phosphatidylcholine .
To determine whether metabolism of slow DG was via a

phospholipase C or phospholipase D followed by activity of
phosphatidate phosphohydrolase (PPH), we examined the
effect of protein I on generation of phosphatidic acid . Were

Time

Prelabeled PMN (17 x 106/ml) were incubated with cytochalasin B (5 jig/ml, 37°C, 5 min) and treated with H-Z buffer or protein I (250 nM, 37°C, 2 min)
and treated wth FMLP (0 .1 AM, 37°C, 5 min) . The reaction was stopped by the addition of chloroform : methanol, 2 :5, vol/vol . Samples were extracted and lipids
separated by TLC as in Materials and Methods . Results are given as counts per minute ±SEM of radiolabeled phospholipid . Resting levels were normalized to
the mean resting counts per minute of three experiments : ['Hlaa-PI = 70,000 ; ['°Clgly-PI = 5,000 .

Condition

Ss

['Hlaa-PI [ "C)gly-PI

60s

['Hlaa-PI

Cpm

["Clgly-PI

FMLP 78,713 t 3,908 5,562 ± 497 64,522 t 23,808 4,937 f 815

Protein I
plus FMLP 68,714 f 1,924 4,580 t 537 64,600 ± 6,290 4,530 ± 779
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Figure 5. Effect of protein I on phosphatidylcholine metabolism by
neutrophils . Neutrophils (75 x 106/ml) were incubated with [3 H]-
arachidonate (3 ACi/ml) and ['4C]glycerol (7 ACi/ml) for 30 min
and washed twice in Hepes-BSA buffer. They were pretreated with
protein I (250 nM) (o) or H-Z buffer (o) and treated with FMLP
(0.1 AM) for various time points . The reaction was terminated by
the addition of chloroform/methanol (2 :5, vol/vol), samples were
extracted and phospholipids isolated by two dimensional thin layer
chromatography as in Materials and Methods . Phospholipids were
identified by comparison to known standards, scraped, andcounted .
Results are expressed as percentofresting levels ; figure shows mean
of three experiments. (A) 3H-a.a.-PC, resting : 42,403 t 3,226
SEM; (B) ['°C]gly-PC, resting : 4,802 t 322 .

slow DG derived from a PC-specific PLC, we would predict
protein I pretreatment would not affect changes in PA. Were
slow DG derived from the sequential activity of a PC-spe-
cific PLD followed by that of a PA-phosphohydrolase, we
would expect a parallel inhibition of phosphatidate produc-
tion . Control neutrophils treated with FMLP demonstrated
an increase in phosphatidate, beginning at the earliest time
points, essentially reaching a plateau by 30 s and remaining
at least until 120 s after activation (Fig . 6, representative ex-
periment) . By 5 s, 3H-a.a.-PA had increased to 149 t 11%
SEM (n = 3) of resting levels, and to 341 f 99% SEM by
60 s . By 15 s, ['°C]phosphatidate had increased to 221 t
85 % of resting values and remained at 210 t 73 % of resting
levels at 60 s . Protein I pretreatment (Fig . 6) had no sig-
nificant effect on increases in either [3H]a.a.-PA (5 s = 147
f 16 SEM% resting ; 60 s = 358 t 42% resting) or ['°C]-
PA (15 s = 151 f 10% resting ; 60 s = 187 t 20% resting)
seen after FMLP. The demonstration of a normal increment
in both [ 3H]a .a.-PA and diacyl['°C]phosphatidate in the ab-
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Figure 6. Effect of protein I on phosphatidate generation by neutro-
phils . Neutrophils (75 x 106/ml) were incubated with [ 3H]arachi-
donate (3 ACi/ml) and [ 14C]glycerol (7 ACi/ml) for 30 min and
washed twice in Hepes-BSA buffer. They were pretreated with pro-
tein I (250 nM) (0) or H-Z buffer (o) and treated with FMLP (0.1
AM) for various time points . The reaction was terminated by the
addition of chloroform/methanol (2 :5, vol/vol), samples were ex-
tracted and phospholipids isolated by two dimensional thin layer
chromatography as in Materials and Methods . Phospholipids were
identified by comparison to known standards, scraped and counted .
Results are expressed as percent of resting levels ; figure is represen-
tative experiment of n = 3 . (A) [3H]a.a.-PA ; resting : 750 f 202
cpm SEM. (B) ['°C]gly-PA ; resting : 288 f 41 cpm SEM.

sence of consumption of [3H]diacyl PC and/or diacyl['°C]-
PC affirms that protein I did not inhibit PC-PLD. This same
parallel increment in [ 3H]diacyl-PA and diacyl[1'C]PA in
the absence of PC-PLD suggests that protein I does not in-
hibit a PA-phosphohydrolase. Slow DG is therefore derived
from activity ofa phosphatidylcholine-specific PLC. Diacyl-
PA is, most likely, synthesized de novo .

Effect ofEthanol and Propranolol on Generation
ofPhosphatidate and Diacylglycerol

Both ethanol and propranolol have been used as indicators
ofphospholipase D activity in neutrophils labeled with [ 3H]
and [ 32P]1-O-alkyl lysophosphatidylcholine . We used these
inhibitors as a second approach to determine the role of PLD
in the generation of slow diacylglycerol after FMLP In the
presence of alcohols, PLD can catalyze a transphosphatidy-
lation of these organic alcohols to phosphatidate (23, 68),
thus depleting substrate for PPH and inhibiting generation
of DG by this dual-enzyme pathway. We treated neutrophils
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Table H. Lack ofEffect ofEthanol (0. 5 %) on Generation ofDAG and PA

Neutrophils (17 x 106 /ml) were labeled with ['H]arachidonate and [ 14C]glycerol as described . They were incubated with ethanol (0 .5% by volume, 37°C, 5 min)
and then treated with FMLP for 15 or 60 s . The reaction was stopped and the lipids were extracted as described . Extracted lipid was divided into two aliquots
which were separately analyzed for diacylglycerol or phosphatidate . Results are expressed as % resting levels t SEM of three experiments done in duplicate .
Resting levels ['H]aa-diacylglycerol = 1,971 ± 171 cpm; diacyl["C]glycerol = 324 t 27 cpm; ['H]phosphatidate = 2,019 t 508 cpm; [' °C]phosphatidate =
268 ± 17 cpm.

with 0.5% ethanol after labeling with 3H-a.a . and ["C]glyC-
erol and measured radiolabeled DG and PA at 15 and 60 s
after treatment with FMLP Incubating cells with high con-
centrations of ethanol before treatment with FMLP had no
effect on changes in ['H]aa-DAG or D-'°C-G (Table II) .
Pretreatment of neutrophils with EtOH had, at best, trivial
effects on increments in phosphatidate (Table II, p = NS for
all comparisons) . This confirms that radiolabeled diacyl-
glycerol and PA are not generated by means of PLD activity
and suggests that diacyl-PA is only minimally accessible to
phospholipase D.

Propranolol has been used as an indicator ofPLD activity
in that it inhibits generation of diglyceride from phosphati-
date via PPH (49) . Propranolol is not a direct inhibitor of
the PPH but rather binds to phosphatidate thereby blocking
activity (49) . To rule out a similar inhibition of PLC by pro-

TIME (Min)
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Figure 7. Effect of propranolol on phosphatidylcholine-phospho-
lipase C activity. 1,2[1-'°Cldioleylphosphatidylcholine was sus-
pended in deoxycholate (0.5 mg/ml Hepes buffer) . Propranolol
(200 ,AM) was incubated with the lipid substrate (37°C, 5 min) and
phosphatidylcholine phospholipase C (C. perfringens, 1 .25 U/ml)
added for various time points . Lipids were extracted, isolated by
thin layer chromatography, scraped and counted. (9) '°C-dioleyl-
PC; (A)'°C-di-oleyl-PC plus 200,uM propranolol, (v)'°C-dioleyl-
PC without enzyme.

pranolol, we examined the effect of propranolol on purified
PC-PLC from C. perfringens . 1,2di-[1-'°C]oleyl-phospha-
tidylcholine was pretreated with 200 pM propranolol for
5 min . Purified PC-PLC was added and the reaction was
stopped with chloroform at various time points . Lipids were
extracted and generation of ['°C]diacylglycerol was mea-
sured . As shown in Fig . 7, propranolol markedly inhibited
purified PC-PLC activity at the earliest time points mea-
sured . In concordance with these data, propranolol mark-
edly inhibited generation of both [3H]aa-DAG and D['°C]G
in neutrophils treated with FMLP for 60 s (FMLP = 158
resting vs . FMLP + Propranolol = 116% resting levels) .

Discussion

Ligation of cell surface receptors by chemoattractants trig-
gers a discrete series ofintracellular signals . Engagement of
chemoattractant receptors activates GTP-binding proteins
which, in turn, activate a (poly)phosphoinositide-specific
phospholipase C (45, 46, 62) to generate the second mes-
sengers, inositol trisphosphate and diacylglycerol . Inositol
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Figure 8 . Effect ofprotein I on lipid metabolism in neutrophils trig-
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['H]Diacylglycerol
(% Resting t SEM)

15s 60s

Diacyl["C]glycerol
(% Resting t SEM)

15s 60s

FMLP (0.1,uM) 112 t 8 147 f 15 112 f 6 140 t 10
FMLP plus EtOH (0.5%) 116 f 2 133 f 11 113 f 3 132 f 6

['H]Phosphatidate ["C]Phosphatidate
(% Resting t SEM) (% Resting t SEM)

15s 60s 15s 60s

FMLP 242 f 53 276 t 93 173 f 25 169 t 7
FMLP plus EtOH (0.5%) 196 f 76 194 f 61 132 f 10 140 f 2



trisphosphate provides the rapid rise of intracellular Cal+
(9) . Diacylglycerol is usually implicated in activation of
PKC, resulting in phosphorylation of proteins necessary for
activation of the superoxide generating system (17, 38, 44,
53, 64) . Recently the kinetics of DG production have become
clear. Although Cockcroft et al . (20) and Rider and Niedel
(51), by measuring mass ofDG, were unable to detect incre-
ments in DG production until after O-i generation had be-
gun, studies with radiolabeled DG, (4, 6, 50, 59) have shown
that DG is generated in a biphasic manner. When we com-
pared the ratio of [ 3H]a.a.DG and diacyl[t 4C]glycerol, it
became obvious that the rapid and slow phases of DG pro-
duction were derived from two distinct sources (50) . Using
protein I, the gonococcal porin which inhibits enzyme re-
lease from neutrophils (30), we have obtained further evi-
dence that rapid and slow diacylglycerol derive from sepa-
rate pools . Pretreatment of neutrophils with protein I before
activation with the chemoattractant, FMLP, inhibited gener-
ation of slow diacylglycerol but had no significant effect on
rapid DG. Moreover, since treatment of neutrophils with
protein I has no effect on superoxide anion generation (30),
the data demonstrate that slow DG (diacylglycerol) is not re-
quired for OZ production . If the paradigm is correct, that
DG is the endogenous activator of PKC, the data are also
consistent with our earlier contention that rapid DG is suffi-
cient to trigger activation of kinase C and subsequent phos-
phorylation of 47,,,ox , a component of the NADPH oxidase
system (44, 64) . Generation of rapid, rather than slow DG
is also sufficient to trigger the cascade of events resulting in
phosphorylation of the 66-kD substrate of PKC ; we assume
that substrate is 66phox . By 120 s, this protein is phosphoryl-
ated after either treatment of neutrophils with phorbol esters
or engagement of FMLP receptors (2, 27, 50) . We have pre-
viously demonstrated that leukotriene B4 , a poor stimulus
for generation of OZ, provokes formation of rapid DG and
elicits slow DGonly weakly (50), while nevertheless provok-
ing phosphorylation of 47P,., .
Taken together, our results indicate that (a) rapid DG is

sufficient to trigger phosphorylation of the 47Pnox component
of the NADPH oxidase ; (b) generation of 470ox alone is not
sufficient to trigger superoxide anion generation ; (c) an addi-
tional event, which we have previously termed "activation"
is required . Generation ofsuperoxide anion has been demon-
strated by us (34) and others (56, 57) to require continuous
occupancy of the triggering receptor, and it has been postu-
lated that continued production of slow DG is required for
02 production (59) . Our data demonstrate, however, that
the "activation" step required for the generation of Oz can-
not be slow DG, since superoxide anion is generated nor-
mally in its absence .

Production of slow DG has been documented in many cell
types and a general consensus has been reached that the
source of the slow DG is phosphatidylcholine (reviewed in
reference 25) . However, the metabolic pathways from whence
slow DG is derived remain unresolved . Neither the enzymes
responsible for the formation of slow DG nor the fatty acid
linkage of substrate used has been defined . Diacylglycerol
can be produced directly by the action of phospholipase C
on several phospholipids ; alternatively, diacylglycerol may
be formed via phosphatidate, either by activation of a phos-
pholipase D followed by that of a PA phosphohydrolase or
by de novo synthesis of phosphatidate, followed by activity
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of a phosphohydrolase . Evidence for each of these pathways
has been demonstrated by various authors. Treatment of
MDCK cells with PMA provokes metabolism of 1-O-alkyl-
phosphatidylcholine to DG via a phospholipase C (22) .
Hepatocytes contain both phospholipase C (31) and phos-
pholipase D (13) activity, as do endothelial cells (41, 42) .
Neutrophils metabolize 1-O-alkyl-phosphatidylcholine as a
source of 1-0-alkyl, 2-acyl glycerol through activity ofphos-
pholipase D followed by that of phosphatidate phosphohy-
drolase (1, 10) . The product appears as slow DG and the re-
action depends upon "priming" by PMA or cytochalasin B
(60) . Similar to rapid DG derived from phosphoinositides,
production ofslow diglyceride by this pathway appears to be
under the control of GTP-binding proteins which are sensi-
tive to the actions of pertussis toxin (1, 31) .

In this report, we haveexaminedturnoverofthe diacylphos-
pholipid pool and have determined that phosphatidylcholine
is the source of slow diacylglycerol . However, in contradis-
tinction from alkyl, acyl glycerol, diacylglycerol is generated
by activity of a phosphatidylcholine-phospholipase C . We
againpresent evidence for de novo synthesis ofphosphatidate .
In agreement with our previous work and that of others (1,
10, 55), we demonstrate that formation of phosphatidic acid
is rapid, peaking by 60 s after treatment with chemoattrac-
tant, and remaining elevated for up to 300 s . Generation of
diacylglycerol, on the other hand, is biphasic, with a rapid
peak at 5 s, and a second peak which remains elevated for
up to 300 s . This second phase of DG production can be
completely inhibited by pretreatment ofneutrophils with pro-
tein I . As has been demonstrated by this laboratory (55) and
by others (1, 10) neutrophils treated with FMLP metabolize
phosphatidylcholine, detectable by 30 s and continuing for up
to 120 s . Pretreatment ofneutrophils with protein I markedly
inhibits metabolism of PC while at the same time inhibiting
formation of DG. These results are in agreement with those
of others that slow DG derives from phosphatidylcholine (1"
10, 13, 22, 41, 42) . However, generation ofphosphatidate is
unchanged in the presence of protein I . Thus, it is unlikely
that slow diacylglycerol derives from, or contributes to, the
new pool ofphosphatidic acid . Nor, finally, is phosphoinosi-
tide metabolism altered in the presence of protein I . We must
therefore conclude that the rapid DAG most likely derives
from metabolism of (poly)phosphoinositides and is impor-
tant in activating protein kinase C. Moreover, our data show
that slow DAG derives from phospholipase C activity on
phosphatidylcholine (Fig . 7) ; phosphatidate is a product ofde
novo synthesis since we detected neither an increase nor de-
crease inphosphatidate . Studies with ethanol and propranolol
confirm this data . Neither generationofDAG nor PA is altered
in the presence of ethanol, at doses which will inhibit gen-
eration of PA via activity ofphospholipase D. Thus phospho-
lipase D does not significantly affect the diacyl-phospholipid
pool . Moreover, we have demonstrated that propranolol,
which inhibits both phosphatidate phosphohydrolase and
PC-phospholipase C augments generation of PA in the ab-
sence of PLD activity, again indicating that PA is generated
de novo .
Evidence for generation of diglyceride and phosphatidate

by any ofthe synthetic pathways does not preclude the neces-
sity for generation of lipid messengers by other enzymatic
pathways . It is likely that the alkyl-acyl and diacyl-lipids each
activate a specific kinase orphosphohydrolase critical to con-
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trol cell activation . Evidence has long existed for the pres-
ence of multiple second messenger systems in the activation
ofneutrophils . Bass et al . (3) have demonstrated that 1-(5-iso-
quinolonesulfonyl)-piperazine, an inhibitor of phorbol-in-
duced kinase activation, has no effect on activation of the
NADPH oxidase system triggered by FMLP, and does not in-
hibitpriming ofthe oxidase inducedby 1-oleoyl-2-acetyl glyc-
erol . Kramer et al . (37) has demonstrated that 1-O-alkyl-2-
O-methylglycerol inhibits phosphorylation of 47,hax and the
respiratory burst of neutrophils after FMLP, but recovery of
oxygen consumption did not require a proportional recovery
of phosphorylation of 47,hox . We have demonstrated that in-
hibition of the generation of slow diacylglycerol was associ-
ated with inhibition of exocytosis by neutrophils after treat-
ment with FMLP, and Cox et al . (21) have demonstrated that
treatment of neutrophils with didecanoylglycerol provoked
secretion of specific granule enzymes without triggering OZ
generation . Conversely, in accordancewith our previous data
(35), Rossi et al . (52) and Bauldry et al . (6) have demon-
strated OZ generation by neutrophils in the absence of di-
glyceride generation . Whether these findings are causally or
casually related cannot be determined with such data . How-
ever the direct relationships between phosphatidate forma-
tion and assembly of the NADPH oxidase, and between the
slow DG wave and degranulation, suggest that both phospha-
tidate and DG are intracellular messengers in the response
of neutrophils to chemoattractants .
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