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Recent studies localizing the inflammatory mediator, platelet activating factor (PAF, 1-0-alkyl-2-acetyl-sn-
glycero-3-phosphocholine), to the membranes of stimulated neutrophils, raise the possibility that PAF may,
in addition to its activities as a mediator, alter the physical properties of membranes, This, and the
increasing evidence that calciom-—lipid interactions may have central importance in membrane organizational
structure and in functions of cell homeostasis and stimulus-response coupling, prompted us to sty the
effects of PAF on cakcium-lipid interactions in lipid vesicles. Using fluorescence polarization of dansylated
probes located in the glycerol portion of the membrane biiayer, PAF (at a concentration as low as 1 mol%)
was shown to reduce membrane rigidification significantly during caleium-induced lateral phase separations.
This effect of PAF was structurally dependent on both the 1-position alkyl linkage and tiie 2-position aceiyl
group as shown by studies of related lipid analogs. Furthermore, using a self-quenching probe, it was shown
that inhibition of lateral phase separation did not account for this reduction in the calcium-induced
membrane rigidification attributed to PAF, Data suggest that PAF at low concentrations may alter
phospholipid head packing and, thereby, change membrane surface features during caleium-lipid interac-
tions, effects which may ultimately explain some of its biological actions.

Abbreviali PAF,

activating factor, 1-G-hexadecyl | ]

Z-acetyl-phosphaudylcholme, ester-PAF, 1-palmitoyl- Z-Emtyl-
phosphatidylcholine; lyso-PAF, 1-O-hexadecyllysophosphati-
dylcholine; lyso-PC, 1-palmitoyllysophosphatidylcholine;

ine; TMA-DPH, 1{4-{trimethylamino)phenyl]-6-

phenyl-l 3,5-hexatriens: DPH, 1.6-diphenyl-1,3.5-hexatriene;
NBD—PE. N-(7-nitrobenz-2-0xa-1,3-diazol-4-yl)phosphatidyl-
i R1E, decyl Rhodamine B, chieride salt;

HAFC, 1.0-hexadecyi-2.arachidonoylphosphatidylcholine;
DFPE, dnpalzmmylphasphaudylelhanolarmne PS, phosphati-

MLV, muliilamellar vesicles: SUV small unilamellar vesicles,
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Introduction

In stimulated human neutrophils, the synthesis
of platelet activating factor {PAF, 1-O-alkyl-2-
acetyl-sn-glycero-3-phosphocholing), a unique
ether phosphalipid, occurs concomitant with cellu-
lar activation, secretion, and extensive fusion and
remedeling of intracellular membranes. Recent
subcellutar fractionation studies of activated neu-
trophils demonstrate that considerable quantities
of PAF produced intraccliularly remain localized
within ccriain cell membranes in significant con-
centration [1,2). For example. phagolysosomal
membranes prepared from neutrophils stimulated
with opsonized zymosan contain PAF at a con-
centration greater than 0.5 mol% (Ref. 3; Riches,
personal communtcation). This rises the possibil-
ity of whether PAF might alter the physical prop-
erties of membranes and thereby exert additional
effects in the cell Membrane fusion events in
endocytosis and exocytosis may be dependent on
lipid physical properties, such as acyl chain order-
ing and membrane fluidity [4—6]. Indeed, activa-
tion of leukocytes [7-9] and platelets [10] is
thought to involve changes in membrane fluidity.
Furthermore, in the only study that has addressed
effects of PAF in biologic membranes, Fink and
Gross [11] found that 1.5 mol% PAF disordered
the inner core of mywwardial sarcolemmal mem-
branes. We have demonstraied similar findings in
model membranes, and have defined the impor-
tanee of the 1-zther linkage and 2-position acetyl
group in these effects [12].

Membrane evens in cellular activation and the
central role of calciumi as a second messenger in
cell stimulus-response coupling are areas of inien-
sive investigation. Recent studies suggest that the
binding of calcium 0 membranes mauy coniribute
to organizational structure and ultimately to func-
tion [13-15), and may well play a role in mem-
brane fusion [16-18]. Caleium-induced lateral
phase separations have been demonstrated in nat-
ural {19, as well as model membranes, and may
be important in membrane permeability [20,21},
and facilitation of membrane fusion events j21,22].
In the present study we compare the effects of
PAF and related lipids, lyse-PAF, lyso-PC and
ester-PAF on calcium-lipid interactions and
calcium-induced lateral phase separation in phos-

pholipid vesicles. These related lipids were chosen
to evaluate the importance of the Z-position acetyl
group and the l-position ether linkage.
Calcium-lipid interactions were studied using
steady-state fluorescence polarization with a
variety of probes (dansyl-DPPE, dansyl-PS, TMA-
DPH, and DPH) enabling us to evaluate several
regions of the lipid bilayer. Caicium-induced
lateral phase separations and vesicle fusion were
studied using the self-quenching probes NBD-PE
and R18,

Methods

Materials. Bovine brain phosphatidylserine (PS),
1-0-alkyl-2-acetyl-L-phosphatidylcholine (PAF),
1-0-hexadecyl-L-lysephosphatidyicholine  (lyso-
PAF), 1-palmitoyl-L-lysophosphatidylcheline
(lyso-PC), and dipalmitoylphosphatidylethanola-
mine {DPPE) were obtained from Sigma Chemical
Co. (St. Louis, MO). Analysis of the PAF by fast
atom bombardment mass spectrometry indicated
that it consisted of only the hexadecyl specics, Egg
phosphatidylcholine (egg PC), dipalmitayl-L-phos-
phatidylcholine (DPPC) and N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)phosphatidylethanolamine
(NBD-PE) were obtained from Avanti Polar Lipids
(Birmingham, AL). 1-0-Hexadecyl-2-arachido-
noyl-1.-phosphatidylcholine (HAPC) was obtained
from Biomol (Philadetphia, PA). N<(5-Dimethyl-
aminonaphihalene-1-sulfonyl}dipalmitoyl-L-phos-
phatidyiethanolamine {dansyl-DFPE), the¢ phos-
phatidyiserine analog (dansyl-PS), 1-[4-(trimethyl-
amino)phenyl]-6-pkenyl-1,3,5-hexatriene (TMA-
DPH), 1,6-diphenyl-1,3,5-hexatriene (DPH) and
octadecy! Rhodamine B, chloride salt (R18) were
purchased from Molecular Probes, Inc. (Junction
City, OR). I-Paimitoyl-2-acetyi-L-phosphatidyi-
choline (ester-PAF) was synthesized from the cor-
responding lysophospholipid with the appropriate
acid chloride. Following purification with TLC,
fast atom bombardment mass spectrometry con-
firmed the identity of the compound and the
absence of the lysophospholipid precursor. The
approximate concentration of ester-PAF was de-
termined by comparison of ion currents generated
from simultaneous application of known amounts
of DPPC. Accurate calibration was then de-
termined by gas chromatographic analysis of the



fatty acid content of aliquots of the ester-PAF
solution.

Preparation of lipid vesicles. DPPE and P8 in a
2:1 molar ratio were used in all experiments
uti'izing the dansyl probes, TMA-DPH or DPH.
Lipids (90 nmol total, dissolved in chloroform or
chloroform/ methanol) were mixed with 0.2 nmol
of DPH dissolved in tetrahydrofuran, TMA-DPH
dissolved in tetrahydrofuran /water, or 1.0 nmel
of dansyl-DPPE or dansyl-PS disse!ved in chloro-
form, All soiutions were sloned under aigon at
~20°C. The mixtures of lipids and probe were
dried to a thin film by a stream of nitrogen.
Samples were suspended in 1,2 m! Hepes-buffered
EGTA saline (HES) (145 mM NaCl, 3 mM KCi,
0.1 mM EGTA, 20 mM Hepes, pH 7.4). The tubes
were purged with argon and incubated in the dark
with occasional vortexing at 2 temperature above
the phase transition temperature. The samples were
then placed in a bath-type somicator for one
minute. After vigorous vortexing, they were
transferred 1o a 10X 4 mm quartz cuvette for
fluorescence measurements. This method has been
shown to produce multilamellar vesicles (MLVY)
[23}. The appropriate concentration of CaCl, was
then added sequentially and manually stirred be-
fore each fluorescence polarization reading.

Sirnilarly, in experiments with NBD-PE, probe
(5 mol%) was mixed with PS and varying amounts
of PAF, lyso-PAF, lyso-PC, ester-PAF, or egg PC
(90 nmel total-lipid) dissolved in chioroform. The
mixtures of lipid were dried to a thin film by a
stream of nitrogen. Samples were suspended in
HES with CaCl, added in the indicated amounts.
Samples were vortexed for one minute, incubated
for five minutes at 45°C and sonicated in a
bath-type sonicaior for one minute. Vesicle sus-
pensions were then iransierred to a 104 mm
quartz cuvette for fluorescence meszsurements.
Stock solutions containing the kipids and NBD-PE
were stored at —20°C with argon.

Small unilamellar vesicles (SUV) of PS were
prepared by the methed of Hoekstra et al, [24).
For uniabeled SUV, PS5 or PS with 10 mol%
DPPC, lyso-PC or PAF (%6 nmol total lipid} was
dried to a thin film by a stream of nitrogen.
Labeled SUV were made similarly with 23 amol
PS and 1 nmol R18 dissolved in chloroform,/
methanol (1: 1, v/v). Each sample was brought up
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in 2.4 ml HES buffer, vertexed vigorously for 1
min, placed under argon and sonicated with a
probe sonicator using a 50% pulse ¢ycle for 5 min,
Samples were then centrifuged in a microfuge at
13000 X g for 2 min. Aliquets of labeled and
uniabeled SUY were mixed for a final ratioof 1:4
(labeled / unlabeted) in a 10 X 4 mm quarez cuvetie
for fluorescence determinations.

Fluorescence measurements. Fluorescence
polarization of dansyl-DPPE, dansyl-PS. TMA-
OPH and DPH were measured wih an HH-1
T-format polarization spectrofluorimeter (H and
L Instruments, Burlingame, CA). Fixed excitation
and emission polarization filters were used to
measure fluotescence intensity parallel {7,) and
perpendicular {7, ) to the polarization plane of the
exciting light. Polarization of fluorescence (f,—
I, /(fy+1,) and intensity of fluorescence ([, +
21,) were calculated by an on-line mi-
croprocessor.  The  excitation wavelength for
dansyl-DPPE and dansyl-PS was 350 nm, for
TMA-DPH, 362 nm, and for DPH, 363 nm. A
03FCGO0 filter (Melles Griot, Irvine, CA) was
used in the excitation beam and K389 fillers
were used for the emitied light. The use of an
excitation beam and KV389 filters were used for
the emirted light. The use of an excitation Flter
reduced light scattering to negligibie levels. Cuvette
temperature was maintained by a circulating water
bath and monitored continuously by a thermister
inserted into the cuvetie to a level just above the
light beam, The sample temperature was 37°C for
all experiments.

In separate experiments lateral phase sep-
aration was monitored by measuring the fluores-
cence intensity of NBD-PE [22] in a Farrand MXI
spectrofluorimeter. The excitation and emission
wavelengths were 467 and 530 nm, respectively.
To prevent photobleaching, the light path was
blocked except when readings were taken. Tem-
perature was maintained a1t 37°C while fluores-
cence intensity readings were taken, Initial studies
had shown a steady dacrease in fluorescence over
the first several minutes during calctom-induced
lateral phase separation in which the self-quench-
ing probe is isolated into microdomains separated
from PS. Flucrescence intensity for each sample
was read after stabilization of the signal (at 15
min). Control samples containing DPPE in place
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of NBD-PE were prepared and analyzed in the
same manner to determine light scattering. These
values were then subtracted from total fluores-
cence of the corresponding NAD-PE samples.

Calcium-induced fusion of SUV was monitored
using the self-quenching probe R138 by the method
of Hoekstra et al. [24]. Bascline fluorescence in-
tensity for the mixture of probe-labeled and un-
labeled SUV (see above) was measured in a Far-
rand spectrofluorimeter with the excitation and
emission wavelengths set at 560 nri and 390 nm,
respeciively, and using 5 nm slits. After obtaining
a baseline fluorescence signal, an aliquot of CaCl,
was added to achieve a final calcium concentra-
tion of either 2 or 4 mM, and the sample vigor-
ously stirred. An increase in fluorescence intensity
is seen as calcium-induced vesicle fusion oceurs
and the probe is diluted in the enlarping bilaysr
surface area. Fluorescence intensity was recorded
5 sec after addition of calcium, and every 30 s
thereafter for a total of 15 min. At the end of each
experiment, Triton X-100 (1% v/v final con-
centration) was added to the sample to achieve a
maximal signal (infinite probe dilution) [24]. Data
for alt time points were expressed as the percent
of the maxirnal {total) signal. Early fusion experi-
ments demonstrated that incorporation of PAF
(or the other related lipids) into either the labeled
or unlabeled SUV population produced identical
results. Data shown are for experiments in which
PAF (or related lipid) was incorporated in the
unlzbeled SUV population prior to fusion.

Staristics. Concentration-1esponse curves were
compared by analysis of variance for repeated
measurements. Individual points were compared
by a rtest for unpaired samples. A P wvalue
< {1.05 was considered significant.

Resulis

Effects of PAF and related lipids on lateral phase
separation

Dansyl-DPPE and dansyl-PS studies. The bind-
ing of calcium to vesicles containing acidic lipids
produces lateral phase separations due to forma-
tion of clusters of calcium-lipid complexes {6,20].
We exarnined the effecis of PAF and related lipids
on calcium-lipid interaction in multilamellar
vesicles of DPPE and brain PS containing the
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Fig. 1. The rigidifying effect of calcium (as measured by
increased polarization of dansyl-DPPE) on vesicles of
DPPE,/BS (2:1) (®) and those containing 10 mol% PAF (#).
ester-PAF (a), lyso-FAF {0} or lyso-PC (0). Points represent
mean+ S.E.; N =four preparations. Although significant re-
duction in membrane rigidificetion was seen with all com-
pounds, the interaction of calcium and the acetyl compound
containiug vesicles (those with PAF and ester-PAF) was sig-
nificantly greater than with those containing the corresponding
lyso componnds (lyso-PAF and lyso-PC) by ANOVA (see
text).

fluorescent probes dansyl-DPFE and dansyl-PS.
These probes are located in the glycerol region of
the lipid bilayer [25] and are quite sensitive to
cffects of calcium on fipids (Refs. 26, 27, and
Harris R.A., unpublished data). Use of both dansyl
probes in separate experiments allowed study of
calcium-lipid interactions in both DPPE and PS
microdomains during lateral phase separation.
Addition of calcium to DPPE/PS wvesicles
markedly increased fluorescence polarization of
both dansyl-DPPE (Fig. 1 solid circles) and
dansyl-PS (Table I). This marked rigidification is
likely due to calcium-inducc. separation of the
rigid DPPE from the calcium-PS phase [4]. Ad-
dition of PAF to the multilamellar vesicles
markedly reduced this rigidification in a con-
centration-dependent manner (Fig. 2). Addition of
as little as 1 mol% PAF resulted in significant
fluidization of the glycerol region of the bilayer as
sensed by the dansyl-DPPE probe (Fig. 2, leit
panel}, while 3 mol% resulted in a similar effect
with dansyl-PS (Fig. 2, right panel).

The structural specificity of this fluidizing ef-
fect during calcium-induced lateral phase sep-
aration was determined using related lipid ana-
logs. As can be seen in Fig, 1, the relative potency
in reducing the rigidifying effects of calcium was



TABLE ]

EFFECT OF PA¥ ON MEMBRANE RIGIDIFICATION DURING LATERAL PHASE SEPARATION #

Comparison of two methods of calcium addition ®

[
Calcium concentration (inM)
0 CE 0.7 3 10
DFPE/PS 2:1
+PAF 0 mol% post 0.179:£0.004 0.197 +0.004 0.209+ 0001 0.246 +0.004 0.256+ 0.005
prior 0.130+ 0.006 0.210 £0.005 0.238 1 0002 0,264 ; S.00 0283+ 0.5
+PAF 3 mal% post 0177 1 0,004 0,188 10003 0.197 £0.003 022440003 0.247 1 0.00%
paoy 0.178 £ 0.004 $.2060 £0.007 4218+ 001" D251 20005 0.26¢ + 00046
+PAF 10 mol% post 0.167 3: 0.003 0.183 £0.004 0.188 £ 0,003 0.206+0.0605 0.221 +0.002
prior 0.166 +0.002 0.191 + 0.005 0.203 +0.003 0.217 + 0.006 0.250 £0.010

2 Polarization data for dansyl-PS.

b Paired-.iata+S.E. for each FAF concentration are shown. First of each pair labeled * post’ is obtained by addition of calcium after
formation of MLY, Second of pair labeled *prior” is obtained by addition of caleium before formation of MLV by sonication. ¥ is

four or fiva,

PAF 2z ester-PAF = lyso-PAF 2 lyso-PC. Analysis
of variance of the effect of each of the acetylated
lipids revealed significant differences from the et-
fect of the corresponding lysophospholipids (PAF
vs. lyso-PAF F(1,6)=5.27. P~=005; ester-PAF
vs, lyso-PC F(1,6) =18.61, P < 0.005). Thus, while
both the 2-position acetyl group and the 1-posi-
tion ether linkage contribute to this effect, the
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Fig. 2. PAF reduces membrane rigidification of DFPE/PS
(2:1) vesicles (as 1 by a sntaller change in pelarization
from baseline) thal accomp calcium addition: 3 mM (&)
and 10 mM (@), Laft panel data are for vesicles probed with
dansyl-DEPE; sight panel for vesicles probed with dansyl-PS
during calcium-induced latcral phase separation. Points repre-
sent mean+S.E; N=four or five preparations. (*) Notes
values that are significantly different from baseline changes in
polarizadon in the absence of PAF (F <005 by itest for
unipaired samples).

acetyl group appears to exert the greater influence.
The effect of ester-PAF, however, may in part be
caplained by a significant reduction in baseline
rigidity seen with ester-PAF but not with the other
compounds (Table IT). The effect of increased
chain length in the 2-position was examined uiiliz-
ing HAPC, a precursor of PAF in neutrophils [28]
Caleium-induced membrane rigidification in
vesicles containing HAPC was found to be no
different than that seen in vesicles containing
equimolar PAF (data not shown). Thus it appears
that surface effects of calcium bindinp as sensed
by the dansyl probes are dependent on the 1-ether
linkage and the 2-position ester linkage with the
a-methylene segment, (See Discussion).

To assure that wic reduction of rigidification
was not due to aliered penetration of calcium
within the MLV sizactures in the presence of
PAF, similar experiments using the dansyl probes
were performed with calcium added at each con-
centration prior to lipid sonication. These experi-
ments provide qualitatively identical resulis (Table
n.

TMA-DPH and DPH studies, To determine the
depth of rigidification within the lipid bilayer
during binding of calcium and laterzl phase sep-
aration and the subsequent influence of PAF, the
probes TMA-DPH and DPH were used. The fluo-
rescent bydrophobic tail of the probe TMA-DPA
localizes near the glycerol region anchored by its
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Fig. 3. (Left panel) In the plycerol region {probed with TMA-
DPH), the pressnce of PAF (10 mol%) (4) reduces membrane
rigidification in vesicles of DPPE/PS (2:1) (@) durittg calcium
addition. {Right panel) Within the hydrophobic core region
(probed with DPH), PAF (10 mo!%) has no effect on mem-
brane rigidification during calcivm-induced lateral phase sep-
aration, Points represent mean £8.E;; ¥ = F prenavations, {*)
Notes values that are significantly different in the absence of
PAF ( P < 0.05 hy r-test for panaired samples).

polar head group and senses a significantly more
rigid environment with the addition of calcium
(Fig. 3, left panel). The magnitude of this effect of
calcium was not as marked as that seen with the
dansyl probes but was significantly reduced in the
presence of PAF. Alternatively, PAT had little
influence on the hydrephobic core of the bilayer
probed with DPH in identical calcium addition
experrments (Fig. 3, right panel). Of note, baseline
increases in fluidity attributable to PAF {prior to
addition of calcium) were demonstrated for both
probes (Table II) and were similur to those seen
with vesicles of dipalmitoylphesphatidylcholine i
the presence of PAF {12].

NBD-PE studies. Because of the profound
surfase effects of PAF during calcium-lipid bind-
ing, we sought evidence for alteration or inhibition
of calcium-induced lateral phase separations using
the self-quenching probe NBD-PE. Phase sep-
aration increases the local concentration of this
probe resulting in self-quenching and a decrease
in fluorescence intensity [22]. This decrease in
fluorescence is calcium-dependent and clearly evi-
dent at 3 mM (Fig. 4, hatched bars). To the extent
that a phospholipid inhibits calcium-induced
lateral phase separation, self-guenching of the
probe is reduced (hence the signal is preserved).
Addition of PAF (3 ar 10 mol%) to lipid vesicles

TABLE il

EFFECT OF PAF AND RELATED COMPOUNDS ON
HASELINE FLUORESCENCE FOLARIZATION OF THE
VARIOUS PROBES *

Lipid ® Dansyl-DPFE TMA-DPH =~ DFH

DPPE/PS(2:1) Q15240001 0.348+0.003 0.371 +0.010
+PAF 0.149+£0.004 0.33840.002 " 0.345 +0.004 *
+ester-PAF 013340003 ° - -
+lyse-PAF 015140002 -

+ lyso-#C OLids +0.003 —

* Baselinc values (prior w the addition of calejimn) expressed
as mean +5.E. N = 4-6 preparations each.

® The concentration of PAF, ester-PAF, Iyso-PAF, and lyso-PC
is 10 mol%.

¢ Significantly differem trom DPPE/PS, P < .01 by r-test for
unpaired samples.

of PS appears to reduce lateral separation in a
concentration-dependent manner but, notably, is
no more effective on an equimolar basis in inhibit-
ing lateral phase separation than other related
lipids. Each molecular species (at 10 mol% con-
centration in data shown) appears to be equally
effective as a ‘spacer’ molecule in inhibiting
self-quenching of the probe (Fig. 4). These studies
would suggest that inhibition of lateral separation

RELATIVE FLUGRESCENCE
L] 1 2 3 4

e

1w caenm 3 M CRCIN
Fig. 4. Lateral phase separation monilored by fluorescence of
NBD-PE. A loss of Mlworescence occurs with the addition of 3
mM calcium (hatched bars) o vesicles of P§ with or without
the related phosphatidylcholine compounds (present ai 10 mol%
concenteation). Quenching is lessencd similarly by addition of
any of the phosphatidylchati ds




dces not adequately explain the surface effects of
PAF during calcium binding sensed by the dansyl
probes and TMA-DFH. More likely, PAF in-
fluences polar head packing, maintaining surface
fluidity during calcium-induced lateral phase sep-
aration.

Effects of PAF and reiated lipids on calcium-in-
duced fusion in PS vesicles

RIS studies. Work by several groups suggests
that the inhibition of fusion by phosphatidylcho-
lines incorporated in znionic vesicles is due to the
in-veased polar head hydration of the bulky
choline groups [29,30]. While the affinity for bind-
ing of calcium 1o phosphatidylcholine itself is
quite low [31}, it is the increase in hydration about
the phosphatidylcholine head group that is thought
to prevent the dehydrated trans-PS-calcium bind-
ing between apposing vesicles required for fasion
[32). Recent studies suggesting that increased water
penetration ¢ecurs in the interfacial area of di-
ether phospholipids [33] prompted us to ask
whether potential differences in hydration may
explain our findings for the different analogs in
the dansyl studies and could influence vesicle fu-
sion. In these studies the effects on vesicle fusion
of PAF, lyso-PC {Jyz«-PC being the least potent of
the phosphatidylcholine compounds in reducing
the calcium-induced rigidification sensed by the
dansyl probes) and DPPC were compared.
Calcium-induced fusion of SUV of PS was moni-
tored by the self-quenching probe, R18, by the
method of Hoekstra et al, {24], As shown in Fig. 5,
the addition of calcium (2 mM) to a mixture of
labeled and unlabeled PS vesicles results in a
rapid increase in fluorescence as the vesicies fuse
and the probe is redistributed over an increasing
bilayer surface area. The addition of PAF at 3
mol% or greater (10 mol% is shown) to the vesicles
results in a decrease in fusion (both rate and
extent), as would be expected with the addition of
any phosphatidylcholine to the vesicles. Notably,
the addition of lyse-PC or DPPC in equimolar
amounts does not slow and limit fusion to the
same extent as PAF. Fusion induced with 4 inM
calcium demonstrated the same rank ordering
(data not shown)., Though these diiferences are
subtle, they would suggest that greater hydration
in the interfacial region of the monosther lipid
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1 TOTAL FLUDRESCENCE
]

0 2 4 B B 10
TIME O{N)
Fig. 5. SUV losion monitered by Muorescence of R1B, Ad-
dition of 2 mM calcium at time 2ero to SUV of PS (8) results
in fusion (measnred as an incrense in % total fluorescence, see
text). The addition to SUV of 10 mol% PAF (§) results in
greater inhibition of fusion than secn with either 10 mol®
DEPC {$) or lyso-PC (O). Points represent mean +S.E; ¥ =
four preparations.

PAF niay explain both the greater limitation of
fusion and reduction of the rigidification imposed
by surface-bound calcium.

Discussion

Calcium-lipid interactions may play an im-
portant role not ondy in remodeling of intracellu.
lar membranes during processes of endocytosis
and exocytosis [17,18], but also in the function of
membrane-bound proteins [34) and organizational
structure of cell membranes [13-15}. The presence
of lateral phase separations have been docu-
mented in biologic membranes and may result in
important structure-function relationships [19,35]
In this study we have examined the effects of
PAF, a unique ether lipid known to accumulate in
the membranes of activated neutrophils, on
ca'cium-lipid binding and lateral phase sep-
arations. PAF was found to markedly reduce the
membrane rigidification accompanying calcium-
induced laterai phase separations in vesicles made
of DPPE/PS. This effect invelved the glycerol
region of the bilayer as demonstrated by de-
creased fluorescence polarization of dansyl-DPPE,
dansyl-PS and TMA-DPH, all probes localizing to
this area (Fig. 1-3). The use of lipid analogs
allowed the evaluation of the 1-position ether lin-
kage and the 2-position acetyl group, the unique
features of PAF, in contributing to this effect. The
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rank ordering of PAF = ester-PAF 2 lyso-PAF =
lyso-PC demonstrates the greater effect of the
acetyl compounds over that demonstrated by the
fyso analogs and the potency of the ether linkage
over that of the ester for each analog pair. Recent
datz utilizing NMR and Raman spectroscopy sug-
gest that in the micellar phase greater rotational
mobility exists among the ether-linked phos-
pholipids when compared to the ester-linked ana-
logs in pure agueous dispersion [36]. Although
rotational freedom of PAF has not been examined
during colcium-induced lateral phase separation in
mixed bilayers, greater mobility in the glycerol
region is consistent with the reduction of calcium-
induced rigidification observed in the present
study. The finding that phospholipid vesicles con-
taining equimolar concentrations of either HAPC
or PAF behaved identically during calcium ad-
dition suggests that increasing chain length ia the
2-position has no effect on surface binding of
calcium. The data are consistent with the observa-
tion that for phospholipids in bilayers the 2-posi-
tion ester linkage and a-methylene group extend
from the glycerol backbone parallel to the bilayer
surface [36]. Thus, the interfacial region configura-
tion appears to be lile affected by the remainder
of the 2-position acyl chain of HAPC which bends
to parallel to the sn-1 chain in the hydrophobic
region of the hilayer. HAPC, a precursor of FAF
in neutrophils is cleaved by phospholipase A, to
release arachidonate and lyso-PAF which is then
acetylated to form PAF [28] The conversion of
HAPC to lyso-PAF in a membrane bilayer may
result in marked rigidification due to calcium-lipid
binding that is then offset by acatylation of lyso-
PAF to PAF. Hence, synthesis and retention of
PAF may serve a homeostatic role in the neu-
trophil.

Lateral phase separation was also studied using
NBD-PE. Each of the liptd analogs studied ex-
hibited the same degree of inhibition of probe
self-quenching (Fig. 4). Inhibition was dependent
on the concentration of added lipid and may have
resulted from simple dilution of the probe as it is
concenirated within microdomains  (segregaied
from PS) in the bilayer. Notably, at 10 mol% of
each analog iested, the phosphatidylcholine to
probe molar concentration was 2:1. These find-
ings suggest that PAF may alter polar head pack-

ing and surface fluidity during calcium-lipid bind-
ing rather than inhibit lateral-phase separation.

The low affinity of phosphatidylcholines for
binding calcium has been demonstrated in recent
studies [31] and, thus, we would expect PAF and
the other related lipid analogs examined in this
study to inhibit fusion of anionic vesicles as has
been demonstrated for other phosphatidylcholines
[29,30]. Though subtle, the greater inhibition of
fusion seen with PAF compared to iyso-PC or
DPPC (Fig. 5) may be explained by increased
polar head hydration as has been demonstrated in
diether lipids [31]. This finding would suggest that
increased polar head hydration may be one mech-
anism by which PAF exerts its marked effect on
the vesicle surface during calcium binding and
lateral-phase separation.

The synthesis and accumulation of PAF occurs
during activation of human neutrophiis during
which endocytosis, exocytosis of secretory gran-
ules and extensive remodeling of intracellular
membranes occur. The finding that PAF limited
calcium-indaced fusion of anionic vesicles would
at first appear contrary to the notion that PAF
may play a role in these membrane events, We do
not feel, however, that inhibition of fusion by
PAF in this simple model utilizing anionic vesicles
necessarily precludes a facilitory role in fusion of
physiologic membranes, where other factors such
as calcium-binding proteins and membrane fuid-
ity are likely of eritical importance [4,5,17,18).

Additionally, PAF has been shown to fluidize
the membrane hydrophobic core and to lower the
phase transition in vesicles of DPPC as dem-
onstrated by fluorescence polarization of DPH
[12]. In our previous study, the use of lipid analogs
demonstrated the importance of both the acetyl
group and the ether linkage in contributing to this
effect. Taken together, these findings raise the
possibility that PAF may exert some of its bioac-
tions by alteration of membrane physical proper-
ties and thereby affect membrane-bound proteins
or transmembrane ion channels as has been dem-
onstraled for other lipid perturbants in cell mem-
branes [34,37], We have examined the effects of
PAF on MLV composed of DPPE and brain PS.
While the conceairations of DPPE and PS and
acyl group composition (in the case of DPPE) are
not found in natural membranes, these phos-



pholipid types are enriched in cell membrane in-
ner leaflets where PAF may exert its effects. Fur-
thermore, in addition to alteration of polar hczd
packing and membrane fluidization, it is possible
that PAF may promote formation of nonbilayer
structures [36]. Indeed, recent reports using DSC
and *"P-NMR .ave suggested that the intermolec-
ular attractive forces associated with the cther
linkage may also promote the lamellar to hexago-
nal phase iransition of phosphatidylethanolamines
[38]. Fuiure studies of biological membranes will
be required for further definition of the physio-
logic significance of these membrane effects of
PAF.
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