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Abstract

Humanpolymorphonuclear neutrophils rapidly incorporated ra-
diolabeled platelet-activating factor, 1-O-Ihexadecyl-9, 10-3H21-
2-acetyl-sn-glycero-3-phosphocholine (I3HIPAF), and then me-
tabolized it into its sn-2-fatty acyl derivative. Fractionation of
radiolabel-pretreated cells over Percoll gradients revealed that
virtually all of the intact PHJPAF was located in nongranule
membranes that were enriched with alkaline phosphatase and
cell surface glycoproteins. While still membrane associated, the
ligand was rapidly converted to its acyl derivative and then more
slowly transferred to specific granules and, to a lesser extent,
azurophilic granules. In contrast, neutrophils did not metabolize
13HJPAF at 40C but rather gradually accumulated it in their
alkaline phosphatase-enriched membrane subfractions. These
same subfractions contained receptors for the ligand, as deter-
mined by their capacity to bind [3HJPAF specifically. Binding
was readily saturated, partially reversible, and fit a two receptor
model; dissociation constant (Kd) values for high and low affinity
sites were 0.2 and 500 nM, respectively. Receptors with similar
affinities were detected in whole cells. Furthermore, the potencies
of several structural analogues in inhibiting binding of I3HIPAF
to membranes correlated closely with their respective potencies
in stimulating degranulation responses. Finally, quantitative
studies suggested all or most of the cell's receptors were mem-
brane associated. Weconclude that PAF rapidly enters cellular
membranes to bind with specific receptors that trigger function.
The intramembranous ligand is also deacetylated, acylated, and
then transferred to granules. This metabolism may be sufficiently
rapid to limit ligand-receptor binding and distort quantitative
analyses of receptors.

Introduction

Platelet-activating factor (PAF)' is a sn-glycero-3-phosphocholine
(GPC) derivative. At position 1, it is ether linked to a long chain
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1. Abbreviations used in this paper: GPC, sn-glycero-3-phosphocholine;
HPLC, high performance liquid chromatography; LDH, lactate dehy-
drogenase; homocholine-PAF, rac- l-O-hexadecyl-2-acetyl-glycero-3-
phosphohomocholine; lyso-PAF, deacetylated derivative of PAF; PMN,
polymorphonuclear neutrophil; PAF, l-O-alkyl-2-acetyl-sn-glycero-3-
phosphocholine; ['H]PAF, 1-O-hexadecyl-9,1O[-H2]-2-acetyl-sn-glycero-
3-phosphocholine; PC, diacylglycerophosphocholine; TLC, thin-layer
chromatography; triethyl-PAF, rac-1-0-hexadecyl-2-acetyl-glycero-3-
phospho-N',N',N'-triethylethanolamine.

fatty alcohol; at position 2, it is esterified to acetic acid (1-3).
Platelets, polymorphonuclear neutrophils (PMN), monocytes,
macrophages, and endothelium produce PAF when stimulated
(4-15). These cells can also inactivate the phospholipid, prin-
cipally by deacetylating it and transferring a long chain fatty
acid into the vacated 2-position ( 16-20). PAFactivates platelets
(1, 3, 21), PMN(22, 23), macrophages (24), and smooth muscle
(25, 26) in vitro; it causes anaphylactoid reactions when infused
intravenously (22, 27, 28) and induces the local accumulation
of leukocytes when injected subcutaneously (29). PAFthus may
be a natural mediator of inflammatory, allergic, thrombotic, and
shock reactions. The mechanism by which PAFactivates target
cells is of interest. Based on the phospholipids striking biological
potency, its stereospecificity, and its ability to desensitize target
cells, we suggested that cellular receptors were involved in trans-
ducing bioactivity (30-32). Subsequent studies have indeed
demonstrated specific binding sites for PAF in or on platelets,
PMN, and smooth muscle-containing tissues (33-36) while other
studies have identified compounds that competitively inhibit
PAFbinding and bioactions (37-39). In this report, we examine
PAFmetabolism concurrently with binding, track the subcellular
movement of PAFand its metabolites, and characterize the lo-
cation of PAF receptors.

Methods

Reagents and buffers. The following were purchased from Sigma Chem-
ical Co., St. Louis, MO: PIPES, type II bovine serum albumin (BSA),
cytochalasin B, 2-mercaptoethanol, diisopropylfluorophosphate, phen-
ylmethylsulfonylfluoride, type IV cytochrome c, and ATP. Percoll
(Pharmacia Fine Chemicals, Uppsala, Sweden); ['H]concanavalin A (50
Ci/mmol) (New England Nuclear, Boston, MA); diacylglycerophospho-
choline (PC) (Serdary Research Labs., London, Ontario, Canada); Budget-
Solve (Research Products International Corp., Mount Prospect, IL); GF/
C glass microfiber filters (Whatman, Ltd., Maidstone, England); ethyl
ether and high performance liquid chromatography (HPLC) grade
methanol and chloroform (Fisher Scientific, Fair Lawn, NJ); and 0.25
cm silica gel thin layer chromatography (TLC) plates (Analtech, Inc.,
Newark, DE) (plates were preheated at 180°C for 3 h before use) were
purchased from the indicated vendors. Binding and degranulation assays
were performed in a modified Hanks' balanced salt solution (1.4 mM
calcium chloride, 0.7 mMmagnesium chloride, pH 7.4) (30). Cells were
disrupted in a relaxation buffer containing (mM): KCl (100), NaCI (3),
ATP (1), MgCl2 (3.5), and PIPES (10) (pH 7.3) (40).

Preparation of lipids. Deacetylated PAF (lyso-PAF) and unlabeled
PAF were prepared from beef heart plasmalogens (30). [3H]PAF was
prepared from synthetic l-O-hexadec-9,10-enyl-2-lyso-GPC (natural
isomer) (41) by reduction with tritium gas and acetylation of product
(sp act, 56 Ci/mmol) (42). rac-1-O-Hexadecyl-2-acetyl-glycero-3-phos-
phohomocholine (homocholine-PAF) and rac-l-O-hexadecyl-2-acetyl-
glycero-3-phospho-N',N',N'-triethylethanolamine (triethyl-PAF) were
synthesized by procedures to be reported elsewhere. Lipid structures and
purity (>95%) were determined in several TLC systems and by suscep-
tibility to degradation with phospholipases C and A2, elemental analyses,
nuclear magnetic resonance, and mass spectrometry (the last two analyses
were done only on unlabeled compounds). The lipids were stored at
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-700C in methanol/chloroform (2:1, vol/vol). Before use, they were
freed of organic solvents under a stream of nitrogen and taken up in
Hanks' buffer containing BSA(2.5 mg/ml).

Degranulation assay. Human leukocytes (1.3 million; >95% PMN)
were suspended in 0.5 ml Hanks' buffer; incubated at 370C for 20 min;
treated with cytochalasin B (2.5 Ag) for 2-4 min; challenged for 5 min;
placed on ice; and centrifuged (400 g, X 4 min, 40C) to obtain supernatant
fluid that was assayed for lysozyme, fl-glucuronidase, and lactate dehy-
drogenase (LDH) (30). Results are reported as net enzyme release; i.e.,
the percentage of total cellular enzyme released by challenged cells minus
that released by identically treated but unchallenged cells. In the various
studies, no release of cytosolic LDHwas detected indicating that release
of granule-bound enzymes (lysozyme and jB-glucuronidase) reflected de-
granulation rather than cell lysis.

PMNfractionation. 4 X 10' PMNwere isolated from human blood,
suspended in relaxation buffer (14 ml), nitrogen cavitated, and centrifged
to remove nuclei and undisrupted cells. The postnuclear suspension was
fractionated over Percoll discontinuous gradients (40, 43, 44). Fractions
(1.9 ml) from these gradients were removed with a peristaltic pump. In
some studies, 4 X 108 PMNwere incubated with 200 pM [3H]PAF in 7
ml of Hanks' buffer (250 Mg/ml BSA) at 370C for an indicated interval.
The incubation was stopped by adding 35 ml of Hanks' buffer (40C),
centrifuged, washed once with 42 ml of Hanks' buffer (40C), rewashed
with 42 ml of relaxation buffer, and resuspended in 7 ml of relaxative
buffer. Suspensions were then nitrogen cavitated, centrifuged to remove
undisrupted cells and nuclei, and fractionated. In these studies, >80%
of the initially added radiolabel was located in cells following the last
wash. For some studies, disrupted PMNwere fractionated and fractions
enriched with the marker enzyme for membranes, alkaline phosphatase,
were pooled, diluted in a Percoll-enriched dilution buffer ( 13.2 Percoll;
0.3 ml water; 1.5 ml dilution buffer [40, 43]), and centrifuged (140,000
g, X2 h, 40C) (43). The supernatant fluid was removed and the pelleted
membranes were gently resuspended in Hanks' buffer before storing
at 40C.

Binding assay. I X 107 PMN, 200 Ml of a fraction from Percoll gra-
dients (to which 4 mMcalcium chloride was added to offset the presence
of calcium chelators), or 50 Ml of isolated membranes was suspended
with a final volume of 0.9 ml Hanks' buffer in a I.5-ml conical polyeth-
ylene microcentrifuge tube (Brinkmann Instruments, Inc., Westbury,
NY). Suspensions were then simultaneously exposed to [3H]PAF (50 Al
in Hanks' buffer containing BSA) plus unlabeled PAF (50 ul in BSA-
Hanks' buffer) or BSA-Hanks' buffer (50 Ml). Unless otherwise specified,
all studies were performed at 40C in a final volume of I ml containing
250 Mg BSA, 1.4 mMCa2+, and 0.7 mMMg2e. Following incubation
for indicated periods, suspensions were suctioned through premoistened
GF/C filters. The microfuge tubes were washed five times with 1.5 ml
of Hanks' buffer (40C) and each wash was suctioned through the same
filter. Filters were air dried, placed in the bottom of 10-ml plastic vials,
overlaid with I ml of methanol for 5 min, and mixed with 7 ml of
Budget-Solve. Vials were counted for 4 min with a Beckman LS 1801
scintillation counter (Research Products International Corp., Mt. Pros-
pect, IL). The system was programmed to measure each sample's quench
and extrapolate from counts per minute to disintegrations per minute
using tritium standards. Wedetermined that the washed microfuge tubes
contained essentially none of the originally added [3H]PAF. However,
GF/C filters retained -2% of applied tritium. This fractional retention
appeared independent of: (a) the amount of applied [3H]PAF (20 fmol
to 2 pmol); (b) the presence of cells or subcellular fractions in the filtrate;
and (c) the presence of excess PAF(20 fmol to 200 pmol). Filter binding,
therefore, had the attributes of a nonspecific, unsaturable binding site.
To correct for filter retention of radiolabel, all test samples were paired
with an identically treated control sample that lacked PMN, cell fractions,
or membranes. Binding was then defined as the difference between the
disintegrations per minute retained by filters loaded with test and control
samples. In paired samples that were incubated with 200 pM [3H]PAF,
for instance, this involved subtracting -400-800 dpm (for control sam-
ples) from 1,000 to 3,000 dpm (for test samples). The resulting value,
which we call bound [3H]PAF, was corrected for the bound [3H]PAF in

tandem assays of test and control samples containing excess PAF(10 to
100 nM) to obtain specifically bound [3H]PAF. Specific binding, therefore,
represents the amount of binding that was saturable; at 20 pMof [3H]PAF,
this was -70% of bound tritium.

Scatchard analyses plotted femtomole bound/femtomole free ratios
of PAF in test samples (minus control samples) containing 20, 63.2, or
200 pM [3H]PAF plus increasing amounts of unlabeled PAF. The data
fit a two-receptor model, as described elsewhere (33-35). The low affinity
binding sites were fit to a straight line by the method of least squares
using data obtained at high ligand concentrations, i.e., 6.3, 20, 63.2, and
200 nMof unlabeled PAFplus [3H]PAF. For both whole cells and their
membrane fractions, correlation coefficients of linearity were -0.99.
The amounts of PAF bound to the low affinity receptors at low ligand
concentrations (i.e., 2, 0.6, 0.2, 0.06, 0.02 nM of unlabeled PAF
+ [3H]PAF) were estimated with the following formula (4 -46): [RL]
= Rt[L]/(Kd + [L]), where [RL] is femtomoles of PAFbound to the low
affinity receptors at [L] concentration of free PAFand Kd and R. are the
respective affinity constants and total receptor numbers for low affinity
receptors. These latter two values were 150 and 2.9 nmol/liter for whole
cells and 560 and 18.8 nmol/liter for membranes. At each low concen-
tration of PAF (i.e., 0.02-2 nM), the estimated amount of PAF bound
to the low affinity receptors was subtracted from total bound PAF to
obtain the amount of PAFbound to high affinity receptors. Bound/free
ratios were derived using this latter estimate for bound ligand. Our studies
assumed that PAFbound to the low affinity receptor was in equilibrium
with the high affinity receptor. The resulting data were fit to a straight
line (correlation coefficients > 0.9) by the method of least squares.

[3H] Concanavalin A labeling. 4 X 10' PMNin 50 ml of Hanks'
buffer (no Ca2l or Mg2') were incubated with 1 nM [3H]concanavalin
A at 200C for 20 min, diluted further with 50 ml of Hanks' buffer (40C),
chilled to 40C, washed with 50 ml of Hanks' buffer (40C) and then 50
ml of relaxation buffer (40C). Cells were suspended in 7 ml of relaxation
buffer before cavitating and fractionating, as described above.

[3H]PAF metabolism. I X I07 PMNwere incubated in a final volume
of I ml with Hanks' buffer, 200 pM [3HJPAF (±10 nmPAF), and 250
Mg BSA. Following a specified interval, suspensions were centrifuged
(16,000 g, X5 s). Pelleted cells were washed twice in Hanks' buffer (40C).
Cells and pooled supernatant fluids were then separately extracted with
1.6 ml of methanol:chloroform (1:1, vol/vol) and, after isolation of the
chloroform layers, extracted X2 with 0.8 ml of chloroform. The pro-
cedure always recovered >95%of radioactivity in the pooled chloroform
layers. Material was spotted on TLC plates and developed with chloro-
form/methanol/acetic acid/water (50:25:8:4; vol/vol). Strips (0.5 cm) of
silica gel were sequentially scraped from the plates, overlaid with I ml
of methanol, mixed with 7 ml of Budget-Solve, and measured for radio-
activity as described above.

Subcellular marker assays. LDH, alkaline phosphatase, lysozyme,
vitamin B-12 binding protein, myeloperoxidase, and fl-glucuronidase
were assayed as described (43). In assays of NADPH: cytochrome c re-
ductase, 100 gl of a test sample were incubated with 1.6 mMcytochrome
c, 1.5 mMNADPH, 2 mMKCN, and 1% Tween 80 in a final volume
of 1 ml of 0.250 Mpotassium phosphate buffer (pH 7.7). Results are
reported in nanomoles of cytochrome c produced per minute, assuming
an extinction coefficient of 27,700 mM/ml for the difference between
oxidized and reduced cytochrome c at 550 nm. Protein was measured
as described (31).

Results

Uptake of [3H]PAF. PMNsuspensions were incubated at 370C
with 200 pM [3H]PAF, centrifuged, and twice washed with 40C
buffer. After 2.5-, 5-, 10-, 20-, and 60-min incubations, the cells
incorporated 79, 83, 89, 93, and 95% of initially added radio-
activity. This uptake was 72, 85, 95, 97, and 97%, respectively,
in the presence of 10 nM PAF. Contrastingly, at 40C, cellular
uptake of [3HJPAF proceeded much more slowly, peaked at
. 18% of added radiolabel and was appreciably reduced in the
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presence of 10 nMPAF (Fig. 1). These results are compatible
with the view that [3H]PAF enters two different cellular pools.
One of these has a high capacity (i.e., is relatively unsaturable)
for handling ligand at physiological temperatures. The second
pool is readily saturated but evident only at temperatures that
block ligand accumulation in the high capacity pool.

Metabolism of [3H]PAF. After incubation with ligand, PMN
and their extracellular fluid were isolated, separately extracted,
and analyzed on TLC. Fig. 2 gives the distribution of radioactivity
on TLC plates loaded with extracts from the cells or extracellular
fluid of suspensions incubated with 200 pM[3H]PAF for 60 min
at 370C or 4VC (upper and lower panels, respectively). At 370C,
virtually all radioactivity was cell associated and comigrated with
PCstandard; at 4VC, all radioactivity comigrated with PAFand
only 17%was cell associated. Based on our previous studies (17),
material migrating with PC is l-O[hexadecyl-9, 10-3H21-2-fatty
acyl-GPC. The kinetics of [3H]PAF conversion to this fatty acyl-
ated derivative at 370C are given in Fig. 3. The upper panel
reports on results with cells incubated with 200 pM [3H]PAF;
data in the lower panel are for cells incubated with the radioactive
ligand plus 10 nM unlabeled PAF. Under both conditions, ra-
diolabel rapidly (t'/2 1 to 2 min) disappeared from the extra-
cellular fluid, briefly appeared in cells as intact [3H]PAF (i.e.,
material comigrating with PAF), and progressively accumulated
as a cellular species comigrating with PC. At all time points,
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Figure 1. Binding of [3H]PAF to neutrophils at 4°C. 1 X 10' PMNin
I ml of Hanks' buffer were incubated with [3H]PAF (200 pM) for the
indicated interval and then assayed for uptake of radiolabel by filtra-
tion techniques. (a) Cell bound radioactivity is given in dpm in the ab-
sence ( ) or presence (- - -) of 10 nMPAF. (b) Fraction of total
[3H]PAF specifically bound to cells is plotted. Specific binding was the
difference between binding found in the absence and presence of ex-

cess PAF; this parameter increased linearly between 2.5 X 106 and 2.5
X 10' PMN/ml. Each point is the mean of experiments done on eight
different donor cell preparations.

Figure 2. Temperature dependency of ['H]PAF metabolism. 1 X 107
PMNin ml of Hanks' buffer were incubated with 200 pM ['H]PAF
for 60 min at 37°C (upper panels) or 4°C (lower panel). Suspensions
were separated into cells and extracellular fluid (see Methods) that
were separately extracted and analyzed on TLC. Results are reported
as percentage of total radioactivity (i.e., extracellular plus cell-asso-
ciated radioactivity applied to TLC plates) that was found in succes-

sive 0.5-cm zones of TLC plates. Material was spotted between zones
1 and 2. These results are typical of studies done on four different do-
nor cell preparations.

<2% of radioactivity migrated with lyso-PAF. Excess PAF ap-

peared to enhance the speed with which intact [3H]PAF was

converted into material migrating with PC. These results help
identify the two previously discussed pools: the high capacity,
temperature-sensitive pool appears to include [3H]PAF and its
metabolites; the low capacity, temperature insensitive pool, pre-

sumably, is intact, cell-associated ligand.
Subcellular localization of radioactivity. 4 X 108 PMNin 7

ml of Hanks' buffer were incubated with 200 pM [3H]PAF,
washed with and suspended in relaxation buffer (4°C). After
nitrogen cavitation and removal of undisrupted cells, the prep-

aration was centrifuged over Percoll gradients to obtain fractions
enriched with markers for cytosol (LDH; fractions 1-4); mem-
branes (alkaline phosphatase and [3H]concanavalin A binding
sites; fractions 5-9); specific granules (lysozyme, vitamin B-12
binding protein; fractions 1 1-15); and azurophilic granules (,B-
glucuronidase, myeloperoxidase; fractions 17-20). The endo-
plasmic reticulum marker (44, 47), NADPH: cytochrome c re-

ductase, was distributed in decreasing amounts throughout the
upper half of the gradients (refer to Figs. 5 and 7). Fig. 4 gives
the distribution of total, [3H]PAF, and l-O-[hexadecyl-9, 103-
H2]-2-fatty acyl-GPC in cells pretreated with [3H]PAF for 5, 20,
or 60 min. Intact [3H]PAF was always restricted to alkaline
phosphatase-enriched fractions; l-O-[hexadecyl-9, 10-3H]-2-fatty
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Figure 3. Kinetics of [3H]PAF metabolism. Studies were performed as
described in Fig. 2 on cells that were incubated at 370C for the indi-
cated time in the absence (upper panels) or presence (lower panels) of
10 nM PAF. Results are reported as percentage of total (extracellular
plus cell-associated) radioactivity applied to TLC plates that comi-
grated with PAF or PC. <2%of radioactivity migrated with lyso-PAF.
Each point is the mean of studies done on three different donor cell
preparations.

acyl-GPC peaked in these fractions but also was associated with
specific granules and, to a lesser extent, azurophilic granules;
the amount of intact 13H]PAF decreased with time whereas the
fatty acyl derivative of [3H]PAF progressively accumulated and
shifted from membrane to granule fractions. In contrast all cell-
associated radioactivity (- 12% of total added radioactivity) in
experiments with cells incubated at 4VC for 60 min was mem-
brane-associated and consisted of intact [3H]PAF (Fig.5). These
results complement those reported in Figs. 2 and 3. They further
suggest that the high capacity, temperature sensitive pool of ra-
dioactivity is principally membrane- and granule-associated
acylated ligand while the second pool is membranous [3H]PAF.

Binding of [3H]PAF to PMN. Studies presented in Fig. 1
indicate that PMNspecifically bind [3H ]PAF at 40C. This bind-
ing increased progressively over -40 min; after 40 min, apparent
equilibrium occurred. Scatchard analysis of binding fit a two-
receptor model (Fig. 6, upper panel). Extrapolated values for Kd
and number of binding sites per cell were: 0.2 nM and 1,100
(high affinity receptors) and 200 nM and 200,000 (low affinity
receptors).

Location of binding sites. 4 X I0 PMNin 7 ml of relaxation
buffer (4°C) were disrupted and fractionated over Percoll gra-
dients. 200-id aliquots of each fraction were incubated at 4°C
for 60 min with 200 pM [3H]PAF, ±10 nM PAF, and then
assayed for binding by filtration techniques. The distribution of
specific binding sites paralleled alkaline phosphatase activity (Fig.
7). In interpreting these results, we emphasize the following

PAF Total Radioactivity PC

U)
(., 5 minutes

02U

0.6 L) 2 Miute

60 Minutes

-5 A 4 :3

10 20 10 20

Fraction Number

10 20

Figure 4. Subcellular distribution of radioactivity in PMN. Cells were
incubated with 200 pM [3H]PAF for 5 (upper panels), 20 (middle pan-
els), or 60 (lower panels) min at 37°C; disrupted; and centrifuged over
Percoll gradients. Center panels give the total radioactivity in sequen-
tial fractions (1.9 ml) from these gradients. Also shown are the
amounts of radioactivity comigrating with PAF (left panels) and PC
(right panels) standards on TLC. Results are reported as percentage of
total applied radioactivity recovered in each fraction and are typical of
studies done with three different donor cell preparations. Areas en-
riched with markers for cytosol, membranes, specific granules, and
azurophilic granules are indicated.

points. First, Fig. 7 reports only specific binding (i.e., that in-
hibited by 10 nMPAF). Second, nonspecific binding was fairly
constant in all fractions (- 1.5-2% of total added radioactivity).
Third, filters trapped >80%of applied membranes and granules
but <5%of applied cytosol, as determined by examining marker
enzyme activities in prefiltered samples and filtrates. Finally,
membranes closely sedimented with cell surface glycoproteins,
as demonstrated with [3H]concanavalin A (Fig. 5). Thus, our
technique measures only filterable specific binding sites. These
sites appear strictly associated with cell surface and membrane
markers. It seems unlikely that PMNgranules contain appre-
ciable numbers of [3H]PAF receptors; soluble, nonfilterable re-
ceptors could be present in any portion of the gradients.

Characteristics ofthe membrane-associated receptor. 500 ml
of human blood were processed to obtain 8 X 108 PMN. The
cells were suspended in 14 ml of relaxative buffer, nitrogen cav-
itated, divided into two 7-ml aliquots, and separately fractionated
over Percoll gradients. Membrane fractions 5-9 from both gra-
dients were pooled (- 18 ml), mixed with equal volumes of Per-
coll-dilution buffer, ultracentrifuged, and resuspended in 3.0 ml
of Hanks' buffer. The procedure afforded an -5.5-fold increase
in alkaline phosphatase and [3H]PAF binding activities based
on volumetric comparison. Thus, -90% of the applied binding
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ing to PMN(upper panel) or their ultracentrifuged membrane isolates
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nor cell preparations and had an SEMof <20%.

Figure 5. Distribution of subcellular markers and radioactivity in Per-
coll gradients of PMN. Cells were incubated with [3H]conconavalin A
for 20 min at 20'C (center panel) or [3H]PAF (200 pM) for 60 min at
40C (upper and lower panels). The cells were then disrupted and cen-

trifuged over Percoll gradients. Results are reported as nanomoles p-

nitrophenol phosphate produced per hour per 20 Il of fraction (upper
panel) or percentage of total gradient radioactivity per fraction (center
and lower panels). >90% of radioactivity reported in the lower panel
migrated with PAF standard on TLC. Results are typical of studies
done with two different donor cells.

sites were recovered as particulate material. [3H]PAF binding to
the membrane preparations was performed at 40C in a final
volume of 1 ml (Hanks' buffer containing calcium, magnesium
and BSA). Specific binding was linearly related to the volume
of membrane assayed between 10 and 160 Al. The total and
specific radioactivity bound to 50-Ml aliquots of membrane in-
creased progressively over 40 min and leveled off thereafter. Re-

sults were quite similar to those found with intact cells (see Fig.
1). Addition of 10 nM PAF to membranes preincubated with
20 pM [3H]PAF for 60 min reduced binding by 33% within 10
min and 56% within 20 min. (Table I). Finally, specific binding
was not appreciably altered by storing membranes at 4VC for
24 h or by pretreating PMNwith 5 mMdiisopropylfluorophos-
phate (40C X 20 min) and collecting cavitates into 50 mM2-
mercaptoethanol, 1 mMphenylmethylsulfonyl fluoride, and 2
mMethylenediaminetetraacetic acid. The membrane-associated
receptor thus appears to be stable; with reference to its subcellar
location, the receptor seems unaffected by the presence of bi-
valent cations or cellular proteases. Binding of [3H]PAF to this
receptor is readily saturated and at least partially reversible.

Scatchard analysis of membrane binding data (Fig. 6, lower
panel) fit a two-receptor model: Kd values for the high and low
affinity binding sites were 0.2 and 500 nM, respectively. Based

on our measurements that (a) 8 X 108 cavitated PMNshould
contain 8.8 X 10" high affinity receptors; (b) centrifugal removal
of undisrupted cells reduces alkaline phosphatase content by
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Figure 7. Subcellular markers and distribution of specific [3H]PAF
binding sites in Percoll gradient fractions of resting PMN. [3H]PAF
binding data are expressed as the mean for 12 studies on preparations
from different donors. Protein assays (inset) were performed as in 43.
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Table I. Reversibility of [3H]PAF Binding to PMNMembranes*

Time after adding 10 nM PAF

Condition 10 20

min min

[3H]PAF + BSA 5.8±1.7t 6.3±1.7
[3H]PAF + PAF 3.9±0.6§ 2.8±0.7*

* Isolated PMNmembranes (50 ,d of a membrane preparation con-
taining 71 jug protein) were incubated (40C) with 20 pM [3H]PAF in
Hanks' buffer (900 Al) containing 1.4 mMCa2+, 0.7 mMMg2", and
62.5 jug BSA. After 60 min, suspensions were treated with 50 Ml of
buffer containing 62.5 Mg of BSA or 10 nMPAF plus 62.5 Mg BSA.
Suspensions were then incubated for 10 or 20 min before filtering over
GF/C filters and assayed for specific binding sites.
$ Mean percentage (±SEM) of total radiolabel specifically bound (see
Methods) for four studies with different donor membrane prepara-
tions.
§ Indicates values significantly lower (P < 0.02) than that observed
with the addition of only BSA, based on paired Student's t tests.

41% (44); (c) 56% of alkaline phosphatase and 63% of [3H] con-
canavalin A applied to gradients are recovered in fractions 5-9
(44); and (d) 90% of ultracentrifuged alkaline phosphatase is
recovered in pelleted membranes, we calculated a theoretical
yield of 2.6 X 10" receptors. As derived from Scatchard analysis,
we recovered 2.0 X 10" to 2.3 X 10" receptors. Most, if not all,
high affinity receptors for [3H]PAF thus are membrane asso-
ciated. It seems unlikely that PMNcontain an appreciable frac-
tion of these receptors in a soluble state.

Binding of 63.2 pM [3H]PAF to membranes was reduced
by excess PAF, triethyl-PAF, and homocholine-PAF. Lyso-PAF
did not inhibit binding at or below 632 nM. Potencies of these
analogues in blocking membrane binding correlated with their
respective potencies in stimulating PMNdegranulation (Fig. 8).
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Figure 8. Potencies of four alkyl ether analogues in stimulating neu-
trophil degranulation (upper panel) or inhibiting [3H]PAF (63.2 pM)
binding to neutrophil membranes (lower panel). The degranulation re-
sponses seen with each of the three active analogues were significantly
greater than that seen on unstimulated cells at all concentrations 2 0.1
nM (P < 0.05, Student's paired t test). Results are the mean of 10
studies on different donor cell preparations and report net enzyme re-
lease or [3H]PAF bound to cells (as percentage of that bound by cells
incubated only with [3HIPAF).

Within the limitations of these structure-activity analyses,
membrane receptors appear involved in transmitting biological
function.

Discussion

Hwanget al. (34) and Valone (48) found PAF receptors in mem-
brane subfractions of platelets, tissues containing smooth muscle,
rabbit PMN, and guinea pig PMN. Weextend these studies to
human PMNand refine this localization. Particulate, filterable
receptors for [3H]PAF were associated with cellular mem-
branes enriched with alkaline phosphatase activity and
[3H]concanavalin A-binding glycoproteins of the cell surface
(Figs. 5 and 7). The distributions of these three parameters on
Percoll gradients were almost identical to each other but quite
distinct from markers for endoplasmic reticulum, cytosol, spe-
cific granules, and azurophilic granules. In a second series of
complementary experiments, PMN were incubated with
[3H]PAF and then disrupted and fractionated. Again, intact ra-
diolabel was limited to these same membrane fractions (Figs. 4
and 5). Failure to find intact [3H]PAF outside these fractions
implies that few, if any, receptors occur extramembranously.
These results also agree with our calculated recovery (exceeding
80%) of receptors in ultracentrifuged membrane isolates from
resting PMN. Weconclude that the bulk of PAFreceptors reside
within nongranule membranes. Presumably, these membranes
are plasmalemma since they contain cell surface glycoproteins.
However, the membrane preparations contained some NADPH:
cytochrome c reductase (Fig. 7). Wetherefore cannot exclude
completely the possibility that some subcomponent of endo-
plasmic reticulum or other particulate subfraction (e.g., nuclear
membrane, golgi, mitochondria, or oxyzomes) cosediments with
plasmalemma and contains PAF receptors.

Membranous receptor binding of [3H]PAF was readily sat-
urated (Fig. 6, lower panel) and partially reversible (Table I).
The data fit a two-receptor model with Kd estimates for high
and low affinity binding sites of 0.2 and 500 nM, respectively.
Very similar results were obtained with whole cells (Fig. 6, upper
panel). Furthermore, the PMNstimulating potencies of PAF,
triethyl-PAF, homocholine-PAF, and lyso-PAF paralleled their
relative efficacy in competing with [3H]PAF for membrane
binding sites. However, each bioactive analogue demonstrated
10-fold greater potency in blocking [3H]PAF binding to the high
affinity receptors than in stimulating degranulation (Fig. 8, lower
and upper panels, respectively). This difference need not indicate
that the high affinity receptors fail to transmit the exocytoic
actions of PAF. Degranulation responses to PAF require phys-
iological temperatures and cytochalasin B; they are completed
within 3 to 5 min after which the cells are selectively desensitized
(31). Degranulation thus may reflect the rate of high affinity
receptor occupancy, intracellular transducing events, and ligand
metabolism (Fig. 3). These factors would tend to reduce the
ligand's biological potencies without influencing its efficacy in
binding assays performed at 4°C. Wetherefore make no con-
clusions about the relative roles of the high and low affinity
receptors in transducing degranulation. Rather, the data in Fig.
8 are interpreted only as indicating a close relationship of four
structural analogues in activating PMNand binding to both
high and low affinity receptors: the identified membranous
binding sites appear functionally relevant.

Previous studies have established that PMNsequentially de-
acetylate and then transacylate PAF (16, 17). Wefind that this
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metabolism is strictly temperature dependent: it does not occur
at 4VC (Fig. 2), whereas it proceeds quantitatively and with re-
markable rapidity at 370C (Fig. 3). In addition, excess PAF en-
hanced the conversion of [3H]PAF to acylated product (compare
the upper and lower panels of Fig. 3). These results are relevant
to interpretations of previous studies. For instance, working at
4VC, we found 1,100 high affinity PAF receptors per PMN; at
370C, Valone and Goetzl (35) found 5 X 106 receptors. This
discrepancy may be due, in part, to ligand metabolism at the
more physiological temperature. Likewise, studies quantitating
whole cell PAF production (4-15) measure net ligand accu-
mulation. Actual PAF production may be much greater than
accumulation if, as seen in Fig. 3, cells can metabolize >75% of
PAF within minutes.

[3H]PAF metabolism appeared to take place within PMN
membranes since intact ligand occurred only in membrane-
containing subfractions and acylated metabolite initially accu-
mulated in these same sites (Fig. 4). The results, however, cannot
exclude a possibility that some [3H]PAF is instantaneously me-
tabolized elsewhere. In separate studies (49), we have found ace-
tylhydrase, the enzyme deacetylating PAF, principally in cytosol,
and acyl transferase, the transacylating enzyme, in PMNmem-
branes. Ligand may be sequentially attacked by cytosolic and
membrane-bound enzymes as it sits on the inner leaf of plas-
malemma. In any case, following acylation, the radiolabeled
product then appears to be shuttled to other membranes in-
cluding specific granules and, to a lesser extent, azurophilic
granules. The elevated radioactivity seen in cytosol (fractions 1-
4 or 5 in the lower panels of Fig. 4) may reflect transcytosolic
movement (perhaps mediated by PC-specific exchange proteins
[50]) or, alternatively, an accumulation of acylated product in
endoplasmic reticulum, which contaminates cytosolic fractions
(Fig. 7). It is interesting to note that acylated PAF may be an
important source of metabolizable arachidonic acid, as well as
PAF (16, 17, 51, 52). Granule-bound phospholipids, then, may
be crucial for the production of bioactive lipids.

In conclusion, the studies reported here support a clearer
view of the way in which cells handle PAF. The ligand first
enters cell surface membranes to interact with specific, func-
tionally relevant receptors that are themselves integral membrane
components. Alternatively, the intramembranous ligand is pro-
gressively converted to acylated product and transferred to gran-
ule subfractions. These two distinct fates appear competitive:
receptor binding may sequester ligand from cytosolic hydrolase
and thereby keep it intact for as much as 60 min (Fig. 4); on
the other hand, metabolism may decrease the availability of li-
gand for receptor binding and indirectly result in its removal to
granular membranes.
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