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Recent studies Iocalizin~ the kdlammatory mediator, ldatelel activating factor (PAF, I-O-alkyl-2-acetyl-stP 
gly~ero-3-pbos#echoline)0 to Lhe membranes of stimulated neutmphils, raise the possibility that PAF may, 
in addition to its activities as a mediate¢, alter the iflffskal pxopertles of membranes. Tlds, and the 
increasing evidence that ¢alclum-lildd interactions may have ~nrtral impoclance in membrane organizational 
structure and in ftmctions of cell homeostasis and stimulus-response coupling, pcompted us to study the 
effects of PAll' on cakium-Iildd interactions in Ii#d vesi©les. Using fluorescence polarization of dus~jlated 
probes located in the glycerol p o ~ o n  of ~ membrane biiayer, PAF (at n eoncen~f ioa  as low as I mot%) 
was shown to reduce meml~me 6~dific~t~on sigaifkantly ~¢ing  ealeiam-indueed lateral phase separalions. 
Thi~ ~fee t  of PAF was smacturally dependent on both the 1-position alkyl linkage aad ~ I-p0siiion acetyl 
group as shown by sludies of related lipid anale~, F t w t h e ~  using a self-quenching probe, it was shown 
lhat inhibition of lateral phase separation did not aeemmt for this reduction in the calcimn.induced 
membrme dgidlfkatlen atldbuted to PAF. Data suggt~  that PAF at low cOt~entr~tlons m a y  al~er 
phospholipld head paeking and, thereby, elmnge membrane surface features during calelum-I|ldd interac- 
tions, effects which may nlthuately explain some ol its biological actlons. 
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In~roduetlon 

In stimulated human neutrophils, the synthesis 
of plat¢let activating factor (PAF, l-O-alkyl-2- 
acetyl-sn-glycero-3-phosphocholine), a unique 
ether phosphollpid, occurs concomitant with eellu- 
lax activation, secretion, and extensive fusion and 
remodeling of intracellular membranes. Recent 
subcellular fraetinnati0n studies of activated neu- 
trophils demonstrate that considerable quantities 
of PAF produced intracellularly remain lo~lized 
within certain cell raembranes in significant con- 
eentration [1.2]_ For example, phagolysosomal 
membranes prepared from neutrophils stimulated 
with opsonized zymosan contain PAF at a con- 
centration greater than 0.5 reel% (Ref. 3; Riches, 
personal communication). This rises the possibil- 
ity of whether PAF inight alter the physical prop- 
erties of membranes and thereby exert additional 
effects in the cell. Membrane fusion events in 
endocyto~is and exocytosis may be dependent on 
lipid pbysJca! properties, such as acyl chain order- 
ing and membrane fluidity [4-6]. Indeed, activa- 
tion of leukocytes [7-91 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, Fin& and 
Gross [11] found that 1.5 reel% PAF disordered 
the inner core of myo,:ardiai sarcolen~mai mem- 
branes. We have demonstrated similar findings in 
model membranes, and have defined the impor- 
t an~  of the l-ether linkage and 2-position acely! 
group in these effects t12]. 

Membrane events in cellular activation and the 
central role of ealciuai as a second messenger in 
cell stimulus-response coupling are areas of inten- 
sive investigation. Recent studies suggest that the 
binding of calcium to membranes may coi~trlbute 
to organiTational stn~eture and ultimately Io func- 
tion [13-15], and may well play a role in mem- 
brane fusion [16-18]. Calcium-induced lateral 
phase separations have been demonstrated in nat- 
ural [19], as well as model membranes, and may 
be important in membrane permeability [20,211, 
and facilitation of membrane fusion events [21,22]. 
In the present study we compare the effects of 
PAF and related lipids, lyso-PAF, lys0-PC and 
ester-PAF on calcium-lipid interactions and 
caldum-induced lateral phase separation in phos- 

pholipid vesicles. These related lipids were chosen 
to evaluate the importance of the 2-position acetyl 
group and the 1.position ether linkage. 
Calcium-lipid interactions were studied using 
steady-state fluorescence polarization with a 
variety of probes (dansyl-DPPE, densy|-PS, TMA- 
DPH, and DPH) enabling us to evaluate several 
regions of the lipid bilaycr. Calclum-induced 
lateral phase separations and vesicle fusion were 
studied using the self-quenching probes NBD-PE 
and RI8. 

Methods 

Materials. Bovine brain phosphatidylserine (PS), 
1 -O-alkyl-2-acetyl-L-phosphatidylcholine (PAF), 
1 -O-hexadccyl-L-lysophosphatidyleholin¢ (lyso- 
PAF), 1-palmitoy]-L-lysophosphatidylcholine 
(lyso-PC), and dipalmitoylphosphatidylethanola- 
mine (DPPE) were obtained from Sigma CbemieaI 
Co. (St. Louis, Me).  Analysis of the PAF by fast 
atom bombardment mass spectrometry indicated 
that it consisted of only the hexadecyl species. Egg 
phosphatidylcholine (egg PC), dipalmitoyl-L-phos- 
phatidyicholine (DPPC) and N-(7-nitrobenz-2- 
oxa-l ,3-diazol-4-yl)phosphatidylethanol amine 
(NBD-PE) were obtained from Avanti Polar Lipids 
(Birmingham, AL). 1-O-He~adecyl-2-arachido- 
noyl-L-pbosphafidylcholine (HAPC) was obtained 
from Biomol (Philadelphia, PA). N-(S-Dimethyl- 
aminonaphthalenc-l-sulfonyl~lipalmitoyl-L-phos- 
phatidylethanolamine (dansyl-DPPE), the phos- 
phatldyls~rlne analog (dansyl-P$), 1-[4-0_,'h-n~hyl- 
amino)phenyl]-6-phenyl-l,3,5-hexatriene (TMA- 
DPH), 1,6-diphenyl-l,3,5-hoxatriene (DPH) and 
octadecyl Rhodamine B, chloride salt (R18) were 
purchased from Molecular Probes, Inc. (Junction 
City, OK). l-Palmitoyl-2-acetyl-L-phosphatidyl- 
choline (ester-PAF) was synthesized from the cor- 
responding |ysophosphofipid with the appropriate 
acid chloride. Following putificahon 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 appfieation of known amounts 
of DPPC. Accurate calibration was then de- 
termined by gas chromatographic analysis of Lhe 
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fatty acid content of afiquots of the ester-PAF 
solution. 

Preparation of lipid vesicles. DPPE and PS in a 
2 :1  molar ratio were used in all experiments 
utit;Ting the dansyl probes, TMA-DPH or DPH. 
Lipids (90 nmol total, dissolved in chloroform or 
chloroform/methanol) were mima:l with 0.2 mrtot 
of DPH dissolved in tetrahydrofuran, TMA-DPH 
dissolved in tetrahydrofuran/water, or 1.0 nmol 
of dansybDPPE or dansybPS disse!,,ed in cldoro- 
form, All solutions were stored m~der argo~ at 
- 2 0 " C .  Tb_e mixtures of  tipids and probe were 
dried to a thin f'dm by a stream of nitro$en. 
Samples were suspended in 1.2 ml Hopes-buffered 
EGTA saline (HES) (145 mM NaCI, 3 mM KCi, 
0.1 mM EGTA, 20 mM H e p ~  pH 7.4). The tubes 
were purged with argon and incubated in the dark 
with occasional vortexing at a temperature above 
the phase transition temperature. The samples were 
then placed in a ba~-type sonicator for one 
minute. After vigorous vortexlng, they were 
transferred to a 10X 4 rum quartz euvette for 
fluorescence measurements. This method has been 
shown to produce multilamellar vesicles (MLV) 
[231. The appropriate concentration of CaCt z was 
then added sequentially and manually stirred be- 
fore each fluorescence polarization reading. 

Similarly, in exl~rimoats with NBD.PE, probe 
(5 rouen) was mixed with PS and varying amounts 
of PAF, Iyso-PAF, lyso-PC, ester-PAF, or egg PC 
(90 nmol totallipid) diasolvcd in chloroform. The 
mixtures of lipid were dried to a thin film by a 
stream of nitrogen. Samples were suspended in 
HES with CaCl2 added in the indicated amounts. 
gamples were vortexed for one minute, incubated 
for five minutes at 45°C and somcated in a 
bath-type sonicator for one minute. Vesicle sus- 
prosier,.5 ?:ere the~ ! rnn~ft'cr~d t.O .a ] O X 4  =*I~-~.. 
quartz cuvette for flnorescea-'Jee m~surements.  
Stock solutions containing the lipids and NDD-PE 
were stored at - 2 0  ° C with argon. 

Small unilamellar vesicles (SUVJ of  PS were 
prepared by the method ot Hoekstra et ai. 124]. 
For unlabeled SUV,  PS or PS with 10 mol% 
DPPC, lyso-PC or PAF (96 amp1 total lipid) was 
dried to a thin film by a stream of nitrogen. 
Labeled gUV were made similarly with 23 nmol 
1'8 and 1 nmol R18 dissolved in chloroform/ 
methanol (1 : 1, v/v) .  Each sample was brought up 

in 2.4 ml HES buffer, v~rtsxed vigorously for 1 
rain, placed under argon and sonicated with a 
probe sonieator using a 50% pulse cycle for 5 rain. 
Samples were then centrifuged in a rmcrofuge at 
1 3 0 0 0 × g  for 2 rain. Aliquo',s of labeled and 
unlabeled SUV were mixed for a final ratio of ! : 4 
(labeled/unlabeled) in a I0 × 4 mm quartz cuvette 
for fluorescence determinations. 

Fluorescence raeasurements. Fluorescence 
polarization of dansyl-DPPE, dansyl-PS. TMA- 
DPH ar, d DPH were measured wi,h an HH-t 
T-format polarization spectrofluorimeter (H and 
L Instruments, Budingame, CA). Fixed expiation 
and emission polarization filters were used to 
measure fluorescence intensity parallel (Ill) and 
perpendicular (1~_) to the polarization plane of the 
exciting light. Polarization el  fluorescence ( l , -  
-/j./(lll+ I±) and intensity of fluorescence (llj + 
2 I t  ) were calculated by an on-line mi- 
croprocessor. The excitation wavelength for 
dansyt-DPPE and dansyl-PS was 350 am, for 
TMA-DPH. 362 nm, and for DPH. 363 am. A 
03FCG001 filter (Melles Grief, lrvine. CA) was 
used in the excitation beam and KY389 filters 
were used for the emitted light. The use of an 
excitation beam and KV389 filters were used for 
the emitted lisht. The use of an excitation filter 
reduced light scattering to negligible levels. Cuvette 
temperature was maintained by a circulating water 
bath and monitored continuously by a thermistor 
inserted into the cuvette 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 NI~D-PE [221 in a Farrand MKI 
spectrofluorimeter. The excitation and emission 
wavelengths were 467 and 530 nm, respectively. 
To prevent photobleaehing, the tight path was 
blocked except when readings were taken. Tem- 
perature was maintained at 37°C while fluores- 
cence intensity readings were taken. Initial studies 
had shown a steady decrease in fluore~-ence over 
the first several minutes during calcium-induced 
lateral phase separation in which the self-quench+ 
inn probe is isolated into microdomains separated 
from PS. Fluorescence intensity for each sample 
was read after stabilization of the signal (at 15 
nil.n). Control samples containing DPPE in place 
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of NBD-PE were prepared ~a-ld analyzed in the 
same manner to determine light scattering. These 
values were then  subtracted from total fIttores- 
ounce of the corresponding NFbD-PE r.amI~l~. 

Calcium-induced fusion of SUV was monitored 
using the self-queatching probe RI8 by the method 
of Hoekstra et at. [24], Baseline fluorescence in- 
tensity for the mixture of probe-labeled and un- 
labeled SUV (see above) was measured in a Far- 
rand speetrofluorimeter with the exCitation and 
emission wavelengths set at 560 nm and 590 ran, 
respectively, and using 5 nm slits_ A0er  obtaining 
a baseline fluorescence signal, an aliquot of CaCI 2 
was added to achieve a final calcium concentra- 
tion of either 2 or 4 raM, and the sample vigor- 
on.sly stirred. An increase in fluorescence intensity 
is seen as cole/urn-induced eeside fusion occurs 
and the probe is diluted in the ealargir, g bilayer 
surface area, Plnoresccnce intensity was recorded 
5 see after addition of caIcium, and every 30 s 
thereafter for a total of 15 rain. At the end of each 
experiment, Triton X-100 ( l ~  v / v  final con- 
centration) was added to the sample to achieve a 
maximal signal {infinite probe dilution) [241. Data 
for all ~.'v.e p~ints were expressed ~ the p~ce.nt 
of the maxir~al (total) signal. Early fusion experi- 
meats demonstrated that incorporation of PAl= 
(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 
unlabeled SUV population prior to fusion. 

StatiMics. Concentration-response curves were 
compared by analysis of variance for repeated 
measurements. Individual points were compared 
by a t-test for unpaired samples. A P value 
< 0.05 was considered significant. 

Results 

Effects of PAF  and related lipids on lateral phase 
separation 

DansyI-DPPE and dansyl-PS studies. The bind- 
ing of calcium to vesicles containing avidic lipids 
produces Lateral phase separations due to forma- 
tion of clusters of calcium-lipid complexes [6,20]. 
We examined the effects of PAF and related lipids 
on calcium-lipid interaction in multilameUar 
vesicles 0f DPPE and brain PS containing the 
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Fig. 1. The rigidifying effect or calcium (as mc.a~urcd by 
increased polarization of dansyI-DPPF) on vcslcles of 
DPPE/P$ O:1) (e) and lho~ conlainJn$10 reel% PAF (0)~ 
e~tcr-PAF" (~). lyso-PAF (o )  or [yso-PC (r~). Points represent 
rr~an±S.E.; N ~  four prepaeations. Although ~gnifieant re- 
daction in membrane rigidifieatinn was seen wRh all com- 
pounds, the ha~raction of calcium and the ac=tyl compound 
contaiahag vesicles (those. with PAF alld ~ter-PAF) wa.~. ~ig- 
nlfioantly greater than with thcce containing the co~esponding 
lyso compounds (lyso-PAF and lyso-PL~ by ANOVA (se¢ 

text). 

fluorescent probes dansyl-DPPE and dansyl-PS. 
These probes are Ideated in the glycerol region of 
the lipid bilayer [25] and are quite sensitive to 
effects 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 
mierodomalns during lateral phase separation. 
Addit ion of calcium to D P P E / P S  vesicles 
markedly increased fluorescence polarization of 
both dansyl-DPPE (Fig. ] solid circles) and 
dansyl-PS (Table l). This marked rigidificafion is 
likely due to calcium-inducc.d separation of the 
rigid DPPE from the calcium-PS phase [4]. Ad- 
dition of PAF to the mnltilamellar vesicles 
m~kedly  reduced this rigidification in a con. 
centration-dependent manner (Fig. 2), Addition of 
as little as 1 reel% PAF resulted in significant 
f lui~zation of the glycerol region of the bilayer as 
sensed by the da~syl-DPPE probe (Fig. 2, left 
panel), while 3 reel% 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 sop. 
aration was determined using related Lipid ana- 
logs. As can be seen in Fig. 1, the relatlvv potency 
in reducing the rigidifylng effects of calcium was 



TABLE i 

EFFECT OF PAF ON MEMBRANE RIG[DIF[CATION DURING LATERAL PHASE SEPARATION = 

Compall,on of t~o methods of Ca]rum addition ~ 

Calc ium conCeatrat ion ( raM)  

0 0 3  0,~ 3 10 
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DPPE/P$ 2:1 
+PAF 0 reel% pos t  0.1795:0~00a 0.197 :E 0.004 0.209.~ 0.~,l 0.246± 0 . ~  0,266+0.005 

prior 0,180+0.006 0.210 ± 0,1~5 0,238+ 0,~2 0,264 ± C.~.~fi 0283 :[ O.~G 

+PAF 3 mol~ pDst 0.19"7+0.004 0,185 ~0.003 0.197,1:0.1~3 0.224+ 0.003 0.247 ~1- 0.005 
prim' 0.178 :i= 0.C~4 9.269.k 0.£~ ~ . 0.2 lo~ ± 0.0~." 0,25! Z 0,005 O.Z~ ± ¢~ ~'~6 

+PAF 10 moWo post 0.167 ± 0.003 0.183 ±0.004 0.188±o,005 0~6 =1:0,005 0.221 ± 0.0~2 
prior O.l~6 -¢- 0.002 0.19I + O.00S 0.203 ~ O.003 O.217:1:0.~o6 0,250±o.I)10 

a Polarizat ion da ta  for  dans2~'l-PS. 
b Paired.-;ata 5: $.E. for each }'AF concentration are shown. First of each pair labeled 'post' is obtnJaed by addition of ca/cium aft~ 

romatlon of MLV, Second of p,zir ladled 'prior" is obtair~.d by addition of calci.m before formation of MLV by sonication. N is 
four  o r  five. 

PAF > ester-PAF > lyso-PAF >__ lyso-PC. Analysis 
of variance of the effect of each of the acetylated 
lipids revealed significant differences from the el- 
feet of the cortes-pending lysophc~pholipids (PAF 
vs. lyso-PAF /'(1.6) = 5.27. P = 0.05; ester-PAF 
vs. lyso-PC F(I,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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Fi B. 2, PAF reduces membrmze rigidilicadon of DPPE/PS 
(2:1) vesicles (as measuxed b:y a smal]¢¢ change in polarizAdon 
f~rom baseline) that acrompanies calcium additimz: 3 mM (.6) 
and 10 mM (0). Left panel data are for vesicles probed with 
dansyl-DPP~; riBht panel for vesicles probed with dansyl-PS 
d u r i n g  eMcittm.induccd lateral phase separation. Pohats rc~re- 
sent mean4-S.E: N - f o ~  ot five preparations. (*) No;¢~ 
values thai axe significantly different [r0m baseline ¢ h ~  in 
petit.aden in Uae ~sen~ of PAF (P < 0.05 by t-t¢~t for 

unp~red san~les). 

0tss~-0PPt 

o 

acotyl group appears to exert the greater influence. 
The eff~t  of ester-PAF, however, may in part be 
explained by a significant reduction in baseline 
rigidity seen with ester-PAF but not with the other 
compounds (Table Ill). The effect of inete.ased 
chain length in the 2-position was e~ramincd ufilL~- 
ing HAPC, a precursor of PAl: in neutrophils [28]. 
Calcium-induced membrane figidification in 
vesicles containing HAI~S was found to b¢ no 
different than that seen in vesicles containing 
¢quimolar PAl= (data no* shown). Thus it appears 
that surface effects of cMeinm binding as sensed 
by the dansyl pmbe~ are dependent on the l--ether 
linkage and the 2-position ester linkage with the 
a-methylene segment. (See Discussion). 

To assttre that ,.he reduction of figidification 
was not due to altered penetration of calcium 
within the MLV sL:cct'ares in the presence of 
PAF, similar experiments using the dansyl probes 
were performed with calcium added at each con. 
centrafion prior to lipid sonication. These experi- 
ments provide qualitatively identical r~ults (Table 
D. 

TM A-DPH and DPH studies, To determine the 
depth of rigidification within the fipid bilayer 
during binding of  calcium and laterel phase sep- 
aration and the subsequent infhtence of PAF, the 
probes TMA-DPH and DPH were used. The fluo- 
rescent hydrophobi¢ tail of the probe TMA-DPA 
localizes near the glyceroI region anchored by its 
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Fig- ~. (Left panel) In the gi.yo~ol region (pvobe~l with TMA- 
DPH), the p r i e r ,  of PAF (10 mol~) (~) rcdm:e.s membrane 
rigidification in vesicles of DPPE/PS (2 : l) (O) during calcium 
addition. (Right pgacl) Witltia the hydrophobic core re ,  on 
(prolmd with DPH), PAF (10 mcl~) has no effo0I on mem- 
brane rigidification dllfing ca~um-induccd lateral phase sq~- 
aration~ l~'oin~ represent mean ~: S.E.; N ~ ~- pr.,q,,~ ~rafions, ( ,t ) 
Note~ values that are s~gnificantly different m the absence of 

PAF (P < 0.05 by t-le~! for t~pMmd -ozmpleg}, 

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, PAF had little 
influence on the hyclrephobie cOre of  the bilayer 
probed with DPH in identical calcium additio~ 
experiments (Fig. 3, right panel). Of  note, baseline 
incre~se~ i n  fluidity attributable 1:o PAF (prior to 
addition of calcium) were demonstrated for both 
probes (Table II)  and were simihLT tO thOSe seen 
with vesicles of  dipalmitoylphosphatidylehoiinc in 
the presence of PAF [12]. 

N B D - P E  s tudies .  Because of the profound 
surface effects of  PAF during calcium-lipid bind- 
ing, we sought evidcace for alteration or  inhibition 
of  caldum-indue, ed lateral phase separations using 
the serf-quenchlng probe NBD-PE. Phase sep- 
aration i n c r ~  the local concentration of  this 
probe resulting in  self-quenching and a de.orcase 
in fluorescence intensity [22]. This deorcase in 
fluoresc,,mc~ is calcium-dependent and clearly evi, 
dent  at 3 m M  (Fig. 4, hatched ba~) .  To the extent 
that  a phospholipid inhibits calcium-induc.ed 
lateral phase separation, self-quenching of the 
p robe  is reduced (hence the signal is preserved). 
Addition of PAF (3 or 10 tool%) to lipid vesicles 

TABLE il 

EFFECT OF PAF AND KELAT£D COMPOUNDS ON 
BASELINE FLUORESCENCE POLARIZATION OF THE 
VARIOUS PROBES a 

Lipid b DansyI-DPPE TMA-DPH DPH 

DPPIS/PS (2:1) 0,152-1: 0,001 0.368+0,003 0.3714-0.010 
+ P A F  0.t49:t:0.004 0.338:E0.002" 0.346:{=0.{)04 ~ 
+erSt~-PAF 0.133d:lL003 c - 
+lyso-PAF 0.t514=0.002 - 
+ lyso-FC O. t ,l.a,~ 0.003 - 

i Baseline values (prior to the ~dditiorl of calcium) expressed 
as mean ~S.E. N - 4-6 pzeparatieas each. 

b TLe e.~ncentrarion of PAF, e.Ster-PAF, lyso-PAF, and lyso-PC 
is l0 tool%. 
Significantly different from DPPE/PS~ P < 0.0! by f-test for 
unpaired samples. 

of  PS appears  to reduce lateral separation in a 
cono.~ntration-depeadent manner  but, notably, is 
no  more  effective on  art equimotar basis ~n inhibit- 
ing lateral phase  separat ion than  other  related 
lipids, Ea0h m o l ~ u l a r  species (at 10 t o o l s  con- 
centrat ion in data shown)  appears to be equally 
effective as a "spacer" m o l ~ u l e  in inhibiting 
self-quenching of the p robe  (Fig. 4). These studies 
would suggest that inhibition of  lateral separation 

REL#.TIVE FLU~SOEI~E 

o L ~_ 

~1 ~" ~ , - " ~  to ,.,x PI-, i' .n 

Fig. 4. Lateral phase separation mOailorod by fluotescer~ce of 
NBD-PF.. A loss of fluoresccn~ occurs with the addilion of 3 
mM calcium (hatched bars) to v~i¢le~ of PS with or without 
the relat~l phosphatidylcholine compounds Lorescnt at 10 tool% 
con~ntfation). Qu~ching is lcs~ne, d similarly by addition ol 

any of the phosphatidylchollne e.omp~unds. 
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dces not adequately explain the surface effects of 
PAP during calcium binding sensed by the dansyt 
probes and TMA-DPH. More likely, PAF in- 
fluences polar head packing, maintaining surface 
fluidity during calcium-induced lateral phase sep- 
aration. 

Effects of P A F  and related Iipgds on calcium-in- 
duced fusion fn P S  vesicles 

RJ8 studies. Work by several ~xoups su~eStS 
that the inhibition of fusion by phosphatidylcho- 
lines incorporated in anionic vesicles is due to the 
ir.+eascd polar head hydration of the bulky 
choline groups [29,30]. While the affinity for bind- 
ing of calcium to phosphatidylcholine itself is 
quite low [31], it is the increase in hydration about 
the phosphatldylcholine head group that is thought 
to prevent the aehydrated trans-PS-calcium bind- 
ing between ap::osin$ vesicles required for f~sion 
[32]. Recent studies soggesting that h~creased water 
penetration occurs in tho late, facial area of di- 
ether phospholipids [33] prompted us to ask 
whether potemial differences in hydration may 
explain our findings for the cliffenrent analogs in 
the dansyl studies a~d could influence vesicle fu- 
sion. In these studies the effects on vesi¢le fusion 
of PAF, lyso-PC 0y,~¢~PC being the least potent of 
the phosphatidylcholine compounds in reducing 
the calcium-induced rigidificadon sensed by the 
dansyl probes) and DPPC were compared. 
Calcium.induced fusion of SUV of PS was moul- 
lured by the self-quemching probe, Rlg, hy the 
method of Hoekstra et al. [24]. As shown in Fig. 5, 
the addition of calcium (2 raM) to a mixture of 
labeled and unlabeled PS ,~sicles results in a 
rapid increase in fluorescence as the vesicles fuse 
and the probe is redistributed over an increasing 
bflayer surface area. The addition of PAF at 3 
mol~ or greater (10 mot~ is shown) to the vesicles 
results in a d~--rease in fusion ~both rate and 
extent), as would be expected with the addition of 
any phosphatidylcholin¢ to the vasieles. Notably, 
the addition of iyso-PC or DPPC in equitaotar 
amounts does not slow and limit fusion to the 
same extent as PAF, Fusion induced with 4 mM 
calcium demonstrated the same rank ordering 
(data not shown). Though tlies¢ differeno:s are 
subtle, they would su88est that greater hydration 
in the interracial region of the monoether lipid 

m 

i , 

o '2 , ~ , , .  

Fig. ~. SbV fusion monitored by fln0rescenc¢ of RIS. AS- 
dillon of 2 mM calcium at tirae zero t~ SUV of 1:"3 (O) resutta 
in fusion (rae.asuted as an increase in % ~otal fluorescence, see 
text). The addition to SL!V of 10 molto PAF (0) results in 
$jc.atcr inhibition of fmion than seen with ~ith~ l0 mol~ 
DPPC (<>) or lyso~i'xC 02). Points rc'pr~ent mean ±S.E.; X-  

tour preparatinng 

PAF may explain both the greater limitation of 
fusion and reduction of the rigidification imposed 
by s ~ f ~ - b o u n d  cal~um. 

D~'41B~on 

Calcinm-lipid interactions may play an im- 
portant role not only in remodeling of imracclh. 
lar membranes during processes of endocytosis 
and exocytosis [17,18], but also in the function of 
raembranc-boand proteins [34] and organi,ationai 
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 
¢~lcium-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 involved the glycerol 
region of the bilayer as demonstrated by de- 
creased fluorescence polarization of dansyl-DPPE, 
dansyI-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 aeetyl group, the unique 
features of PAF, in contributing to this effect. The 
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rank ordering of PAF ;: esler-PAF > lyso-PAF > 
lyso-PC demonstrates the greater effect of the 
acetyl compounds over that demonstrated by the 
lyso analogs and the potency of the ether linkage 
over that of the ester for each aualog pair. Recent 
date. utilizing NMR and RamaR spectroscopy sug- 
gest that in the micellar phase greater rotational 
mobility exists among the ether-finked phos- 
pholipids when compared to the ester-linked ana- 
logs in pure aqueom: dispersion [36]. Although 
rotational freedom of PAF has not been examined 
during c',dcium-induced lateral phase separatio~ in 
mixed bilayers, greater mobility in the glycerol 
region is consistmat with the reVue(ion of calcium- 
induced rigidifieafion observed in the present 
study. The finding that phospholipid vesicles con- 
raining eqttimolar concentrations of either HAPC 
or PAF behaved identically during calcium ad- 
dition suggests that increasing chain lmagth in the 
2-position has no effect on surface binding of 
calcium. The data are consistent with the observa- 
tion that for phospholipids in bilaye~ the "Lposi- 
tion ester linkage and a-methylene group extend 
from the glycerol backbone parallel to the bilayer 
surface 136]. Thus, the interracial region configura- 
tion appears to be little affected by the remainder 
of the 2-position aeyl chain el HAP(: which bends 
to parallel to the sn-1 chain in the hydrophobic 
region of the bilayer. HAPC, a precursor of PAF 
in nentr0phils is cleaved by phosphollpase As to 
release arachidonate and tyso-PAF which is then 
acetylated to form PAF [28]. The conversion of 
HAPC to lyso-PAF in a membrane brayer may 
result in marked rigidifieation due to calcium-lipid 
binding that is then offset by acetylation of lyso- 
PAF to PAF. Hence, synthefis and retention of 
PAY may serve a homeostatic role in the neu- 
trophiL 

Lateral ph.a.~ separation was also studied using 
MBD-PE. Each of the lipid 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 dilation of the probe as it is 
coneentrated within microdomalns (segregated 
from PS) in the bilayer. Notably, at 10 reel% of 
each analog tested, the phosphatidyleholine to 
probe molar concentration was 2:1.  These find- 
ings sugg~t 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 phosphatidyleholines for 
binding ¢Meium 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 phosphatidyleholines 
[29,301. Though subtle, the greater inhibition of 
fusion seen with PAF compared to lyso-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 PAl= 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~ exoeytosis of secretory gran- 
des  and extensive remodeling of mtraceBular 
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 fee.I, however, that inhibition of fusion by 
PAF in this simple model ulili~ing anionic vesicles 
necessarily precludes a facilitory role in fusion of 
physiologic membranes, where other factors such 
as calcium-binding proteins and membrane flthd- 
ity are likely of critical importance [4,5,17,18]. 

Additionally, PAF has been shown to fluidize 
the membrane hydrophobi¢ 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 2he 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 bioae- 
tions by alteration of membrane physical proper- 
ties and thereby affect membrane-bound proteins 
or transmembrane ion channels as has been dem- 
onstrated for other lipid perturhants in cell mem- 
branes [34,37]. We have examined the effects of 
PAF on MLV composed of DPPE and brain PS. 
While the concentrations of DPPE and PS and 
aeyl Odou p composition (in the case of DPPE) are 
not found in natural membranes, these phos- 
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phol ip id  types are ear iched in c011 membr~rte in- 
ner  leaflets where P A F  may exert  its effects. Fur-  
thermore,  in  addi t ion  to a l terat ion of polar  h,--zd 
pack ing  and membrane  fluidizatlon,  it is possible 
tha t  PAF may  p romote  format ion  of  nonbi layer  
structure, s [36]. Indeed,  recent  reports  using DSC 
and ~ P - N M R  i:ave suggested that  the in termolec-  
u la r  a t t ract ive forees nssooiated wi th  the ether  
l inkage may  also p romote  the lamel la r  to hexago-  
nal  phase  t rans i t ion  of  phospha t idy le thano lamlnes  
[38]. Fu ture  s tudies of  biological  membranes  wil l  
be required for fur ther  def ini t ion of  the physio- 
logic  s ignif icance of these membrane  effects of 
PAF.  
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