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F I ~  emission properties of a cationic indndicarbocyanine dye. NK-529, bound to anionic and z~itterionic 
vesldes, are examined under a variety of conditions to monitor lateral distribution of anionic amphiphUes in bilayers as 
a function ~[ their phase woperties. The change in the fluorescence properties of NK-529 arises from the binding d the 
dye to the I~layor that is dominated by ionic interactions when possible, as well as from the self-quenching of the dye 
boand to bafflers when the surface density of the dye is high. The binding affinity of the dye to anionic interfaces is 
more than 100-fold higher compared to that in zwitterionic bilayers. The limiting phospholipid/dye ratio in anionic 
b~yers at low vesicle concentrations is about 3. Thus the density of the bound dye in anionic bilayers can be more than 
40-fold higher that  flint in zwitterionlc bil~yers, and therefore under such conditions the bound dye is com#etely 
self-quenched in vns~les or miceges of anionic plmsphnlipids. The change in the fluorescence emission intensity on 
incorporation of anionic amphipbiles in zwitterionie bUayers is used to monitor segregation of the anionic amphiphiles. 
The organizational featm'es of Inlayers that cause a change in rite fluorescence woperties of bound NK-S29 show that 
the lateral distn'butm of anionic mphiphiles is appreciably influenced not only by the mole f ~  of the amphiphile 
but also in the Wesence of other additives, and by the gel-fluld thermotropic transition. As shown in the following paper, 
the fluorescence changes rdated to serf-quenching in anionic bilayers containing NK-529 can be used to understand the 
organD~tiolh~ ~ that O¢Ctlur ~ the cows¢ of interracial catalysis by phospholipase A 2 on zwitterionic bilayets. 

lntrothction 

Spectral probes are well suited to characterize the 
changes m the surface charge properties of brayers 
[1-3]. In order to understand the biophysical basis of 
the complex kinetics of the catalytm action of phos- 
pholipase A,. on zwitterionic bilayers [4-9] we searched 
for a probe that could direcdy report changes in the 
surface charge density and distribudou occurring at the 
interface dur',ng the inteffacial catalysis. Both the prod- 
ucts of hydrolysis of phospholipids by phospholipase 
A 2 remak, in the brayer and the integrity of the bilaycr 

is retained [10-13]. Since one of these is anionic in the 
pH range under consideration, we found that the fluo- 
rescence properties of a cationic indodicarbocyanine 
dye, NK-529, were sensitive enough to report the 
changes in the phase properties of the bilayer that 
influence the distribution of anionic amphiphiles. In 
this paper we characterize the spectral and equilibrium 
binding properties of NK-529 in bilayers under condi- 
tions that are used for monitoring interfaeial catalysis 
on zwitterionic bilayers. In the next paper we apply 
these findings to elaborate the changes in the interracial 
properties of the bilayer that are responsiblc for the 
binding and catalytic action of phospholipase A 2 [14]. 
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Materials and Methods 

Phospholipids used in this study were more than 99~ 
pure and synthesized as described elsewhere [li,i2] or 
purchased from Avanti (Birmingham, ALL NK-529 
(1,3,3A',3',3'-he×amethylindocarbocyanine) was per- 
chased from Nippon Kankoh Shikiso Kenkyusho. 
Okayama, Japan). Vesicles were prepared by sonication 
of a frozen aqueous (10 mM Tris, pH 8.0) suspension of 
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appropriate lipid, or a dried film of the mixtures of 
phospholipids, in a bath type sonicator (S~nicor) for 
2-5 min till a clear suspension was obtained. The 
ternary codispersions were prepared from preformed 
DMPC vesicles by adding the aqueous solution of LPC 
followed by an ethanol solution of myristic acid in 
small aliquots. This protocol works reasonably well for 
incorporation of less than 15 tool% LPC + myristic acid 
in the vesicles. Under these conditions the additives are 
presumably present only in the outer monolayer, and 
their mole fractions are expressed with this assumption. 

The experimental conditions used in this and the 
next paper [14] are essentially identical. All spectro- 
scopic measurements were made in 10 mM Tris chloride 
at pH 8.0. The buffer used for measurements with 
DMPC vesicles also contained 5 mM CaCI z. Osmolar- 
ity was generally kept constanL although the observa- 
tions reported in this or the next paper do not appear to 
be ~nsitive to such as)alametries. Other conditions, if 
significantly different, are as given in the figure legends. 
Unless stated otherwise the concentration of the dye 
was 5.2 #M (added as 20 ~tl of ethanol solution to 2 ml 
of the aqueous buffer) and the concentration of phns- 
pholipids was 0.590 raM. T)~ically, the temperature of 
the aqueous dye solution was allowed to equilibrate and 
the lipid dispersions were added after about 5 rain. 
Independent controls with vesicles loaded with potas- 
sium suliate and doped with valiaomycin showed that 
the fluorescence changes described in this and the next 
paper li4] are not due to changes in transmembrane 
diffusion potential. Similarly, a direct effect of ionic 
strength and pH changes is ruled out in order to account 
for the origin of the fluorescence changes reported in 
these papers. 

Steady-state fluorescence measurements were made 
in 2 ml Tris-chloride buffer (10 raM) in 1 cm cuvette on 
SLM 4800S o%,~zctrofluorimeter (450W Xenon source) 
interfaced to a microcomputer to collect and process 
data. The excitation and emission slitwidths were kept 
at 4 nm. and all spectra are uncorrected. Polarizers at 
magic angle were used in the excitation and emission 
paths to minimize possible contributions from scatter- 
ing  and control experiments showed that the spectral 
properties were not noticeably influenced under these 
conditions. The absorption spectra were obtained on a 
diode array ~p~trophotometer (HP8452) equipped with 
appropriate data processing software for manipulation 
of spectra. 

Results 

The fluorescence properties of NK-529 in aqueous phase 
and 2witterionh: vesicles 

NK-529 is a water-soluble cationic fluorescent dye. 
Its ~=oitadon maximum is at 620 nm. As shown in Fig. 
1, the erms~;.nn intensity and emission maximum (he- 
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Fi~ t. F l ~  a r ~  spectra of 5-2 ,~M NK-529 (curve b) in 
the a q ~  #m,s¢. and (curve a) in the pretence of 0.59 mM DMPC 
ve~cles m ]0 mM Tr/s chlm'/de and 5 mM CaC12 at pH 8.0 and 
2I°C. Cuax~: c /.~ the d/ffcrct~¢ spectrum (a-b). which do~ not 
qual/tatb.-el:~ cb~mge as a f ~  of an increasing concentration of 

DMPC yes/ties. 

twcen 650 and 680 am)  of the dye depends upon the 
polarity and charge distribution in the microenviron- 
merit in which it is local/zeal. The spectral properties in 
the aqueous phase are not qualitatively influenced by 
temperature in the 15-35°C range, by the presence of 
calcium or other salts, or by the presence of fatty acids 
or other additives in the interface. For example, in 
dilate aqueous solu~ons the fiuore~.enc¢ intensity at 
the ernk~on maximum (666 rim) s ~ w s  a linear depen- 
dence on the dye concentration up to 5 ~tM, and above 
8 #M the fluorescence intensity is self-quenched. The 
decrease in the fluorescence quantum yield is due to 
self-quenclfing in the aqueous phase, and it is most 
pronounced at the em/ssinn maximum of 660 nng How- 
ever, as elaborated in this and the next paper, subtle 
changes in the fluorescence intensity occur under cer- 
tain conditions that provMe insight into the mechanism 
of binding of phospholipase A 2 to the substrate inter- 
face. 

NK-529 hinds to vesicles and m/celles of a variety of  
phosphol/#ds. Binding is rapid, and the bound dye is 
readily exchangeable with excess vesicles in less than a 
minute. As shown in Fig. 1, in the presence of DMPC 
vesicles the fluorescence emission intensity of the dye 
increases and the maximum is shifted from 660 rim to 
677 nm. In the difference spectra the emission maxi- 
mum remains at 680 nm at all concentrations (0_02 to 2 
raM) of vesicles investigated. As shown in Fig. 2 the 
emission intensity of the dye at 685 n,-u increases about 
4-fold, and reaches a maximum when all the dye is 
bound to vesicles. The binding curves shown in Fig. 2 
are not a simple hyperbofic function. Based on the 
results des,,,'ri.bed later it is interpreted by assuming that 
there are two populations of the dye in equilibrium: 
bound (Db) and free (D,.), and the fluorescence qthan- 



17 

SC 0 

I00 05 ~-0 
DMPC traM) 

Fig- 2. ~ c ¢  of the fltmreseen~ emission intensity of 5.2 # M  
NK-529 at  685 tun on the total phospholipid concentration for (a) 
DMF'C v~icles and (b) for DMPC s'esicl~s containing 25 mol~ 
LPC + myris*~ acid (l : l ) in tl~ outer nmnolayer. O'J',er condition~ as 

g i v ~  in th¢ legend to Fig~ l .  

turn yield of the bound dye depends upon the lipid/dye 
ratio. "Hie apparent lipid-water partition coefficient of 
NK-529 on DMPC vesicles from the linear region of the 
curve (Fig. 2) is calculated to be about 4000 in the favor 
of DMPC vesicles on the weight basis according to the 
protocols outlined elsewhere [11]. The partition coeffi- 
cient would be about 6000 if it is assumed that the dye 
binds only to the outer monolayer of vesicles. Similarly. 
by a linear extrapolation of the middle linear region of 
the binding curve (Fig. 2) to the ,-naximum change in 
the inte~ i~  it e..an be calculated that the maximum 
density is about 1 dye molecule per 100 phosphoiipid 
molecules in the outer monolayer of DMPC vesicles. 
These values of the partition coefficient are also a 
measure of the affinity of the dye for the interface. 

Binding isotherms for NK-529 with aqueous disper- 
sions of several z.dtterinnic phospholipids were oh- 
mined and the characteristic parameters derived from 
such curves are summarized in Table I. The emission 
spectra of NK-529 at these interfaces are essentially the 
same with emission maximum at 677 rim. Similarly. 
values of the apparent partition coefficient of the dye in 
these dispersions differ by less than 20~. The results 
suggest that at high lipid/dye ratios, NK-529 does not 
appreciably distinguish betw~n the environments of 
vesicles and micelles. Also. the gel-fluid phase proper- 
ties of the bilayer or the structure of the zwittedonic 
phospholipids do not change the steady-state fluores- 
cence spectral properties, although a small change in the 
partition coefficient is noted. 

In the titration curves of the type shown in Fig. 2. at 
very low lipid concentrations (betow 20 /~M) the in- 
crease' in the intensity at 685 nm is somewhat smaller 
than that is theoretically expected for a simple binding 
equilibrium which predicts a hyperbolic binding iso- 
therm [15]. If under these conditions the mole fraction 
of the dye on vesicles is relatively high. there could be 
self-quenching of the bound dye. Such a behavior is 

TABLE I 

Parameters for equitibrium binding oi" NK-529 to vesicles of :witterio*lic 
phosphohpids in 10 mM Tris at pH 8.0 

All vesicles contained 10 raM Tris chloride except that shown with 
water alone. The partition coefficients. P. are expressed as (moles of 
dye per gram of lipid)/(mole of dye per gram of water), and arc 
corrected for the localization of the dye only in the outer monolayer 
of the vesicle. 

Lipid In O m  /m/1,, I . / D  P 
ratio 

DMPC Ca 4.0 93 6009  
Ca Ca 3.8 
water Ca 4.0 

- 4.6 

Ca - 4.~ 
water - 5.~) 

D M P C  + 25c~ - products 3.2 78 "/890 

DTI 'C  water - 4.4 87 5980 
POP(" water - 4.9 63 6260  
HexadecylPC - 4.0 107 5510 
DOPE water - 4.6 64 7210  

expected if the bound dye promotes binding of excess 
dye. This would not occur in excess lipid because most 
of the dye is bound to vesicles. 

Since NK-529 has two cationic groups, we examined 
the binding of the dye to anionic vesicles. As shown in 
Fig. 2. the binding curve for ternary codispersions con- 
taining 25 mol~ products in the outer monolayer is 
different: the apparent affinity is similar but the fluo- 
rescence quantum yield of the bound dye is smaller 
than that in DMPC vesicles, The self-quenching of 
NK-529 in bilayers is considerably more pronounced in 
vesicles containing varying mole fractions of the prod- 
ucts, l-myristoylglycerophosphorylcholine + royristic 
acid, at a constant concentration of DMPC vesicles. As 
shown in Fig. 3 the fluorescence intensity at 685 nm 
decreases sharply at mole fraction 0.03 of the products 

c 
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Fig. 3. Relative fluorescence emission intensity of 5.2 v M  NK-529 in 
0.59 mM DMPC vesicles containing a vaD'ing molC£ of LPC + myrisdc 
acid 0n  1 : 1 mole ratios) in the ouicr monolaycts. The additives were 
incorporated in pre,~ormed DMPC vesicles by successively adding 
small aliquots (ty~-tcally 25  or less) of LPC followed by eqnimolar 

amo~mts of myristic acid with vigorous mixing. 
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Fig. 4. Dependence of the f l u~ : en~ ' e  intensity of (curve a) NK-529 

at 685 am on the total DMMe coae~mrarion in 10 mM Tris az pH 8.0 
and 21 ° C. Curve b: the same data, as in carve a. plotted as a function 
of the square root of the con~.ntra~on of DMMe (upper scale)_ Curve 
c: The dependence of the pc~ition of ~ emission maximum on the 

DMMe concentration (bottom scale). 

in the outer monolaycr of preformed DMPC vesicles. 
A~. higher mole fractio~ (above 0.05) of the products, 
the fluorescence intensity increases till it approaches the 
intensity that is ob~rved in the absepce of the additives. 
One of the most likely interpretations of the biphasic 
behavior for the fluorescence change under the equi- 
librium binding conditions (Fig. 3) for NK-529 to the 
ternary codispersions is that at low mole fractions the 
fatty add molecules begin to segregate in the bilayer, 
and therefore the dye molecules bound to vesi:les effec- 
tively segregate and self-quench_ This hypothesis about 
the self-quenching of NK-529 bound to anionic vesicles 
is supported by the studies described below. With ap- 
propriate control experiments we have also shown that 
under these conditions the fluorescence change is not 
due to a change in the bulk pH, or transmembrane ionic 
gradients or diffusion potential. 

Binding of NK-529 to 6,esicles of anion& phospholipids 
In order to characterize the binding and spectral 

properties of NK-529 on anionic interfaces we investi- 
gated its spectral properties on bilayers of anionic phos- 
pholipids. As shown in Fig. 4, the change in the fluores- 
cence intensity at 685 nm as a function of DMMe 
vesicle concentration is biphasic. The intensity de- 
creases initially to an essentially complete quenching 
and then the intensity increases with increasing lipid 
concentration- The inhia! decrease in the fluorescence 
intensity is due to self-quenching of the bound dye, and 
then the intensity begins to increase as the intermolecu- 
lar distance of the bound dye molecules increases. As 
shown in Fig. 4, in the initial linear region only the 
emission intensity decreases with the lipid concentra- 
tion, whereas the emission maximum remains un- 

changed t i l l  the fluorescence intensity begins m in- 
crease. Also the fluorescence life-time as measured by 
modulation and phase-shift [16] at 6 mHz remains 
constant, and these values increase only when the fluo- 
rescence intensity begins to increase above the lipid 
concentration (0.06 raM) where the fluorescence inten- 
sit), also begins to increase (data not shown). 

These results are best explained as follows. At low 
lipid concentrations the fluorescence is only due to the 
free dye in the aqueous phase, and therefore the emis- 
sion maximum and the fluorescence life-times do not 
change. The bound dye is essentially completely (more 
than 95%) self-quenched, and therefore it does not 
oontribute to the fluorescence emission. Since this re- 
g/on of the binding curve is essentially linear, only the 
lower limit of the ap_~-eut partition coefficient (affin- 
ity) of the d~e for the interface of DMMe vesicles can 
be estimated as more than 38 ~ffJ0, as the ratio of the 
moles of dye per gram of lipid to moles of dye per gram 
of the aqueous phase. The actual value of the pailition 
coefficient probably approaches 106 . Near the bottom 
of the binding prof'de (Fig. 4) all the dye is bound, and 
the density of the bound dye is about one dye molecule 
per 3 pbospholipid molecules. An increase in the added 
lipid disperses the dye molecules farther apart. Under 
these conditions self-quenching is relieved, and there- 
fore the resulting spe~ra arc due to the dye bound to 
vesicles where not only the emission intensity increases, 
the emiss/on max/mum is red-shifted, and fluorescence 
life-time increases. 

This interpretation of the genesis of the fluorescence 
change of NK-529 bound to DMMe vcs~c!~ is also 
consistent with the spectr-,d properties of the dye in the 
ground state. As sho~a in Fig. 5 the absorption maxi- 
mum of the dye shifts to a longer wavelength on bind- 
ing to DMMe vesicles. As also shown in this figure, 
while such a shift is observed both at low and high 
lipid/dye ratios, the difference spectrum at low 
lipid/dye ratio is noticeably different than it is at 

~070 . . . . . .  ,,,,,, ~ 
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Fig- 5. The absorption ~ t r a  of 5.2 pM NK-529 (a) alone, in the 
presence of (b) 0.035 and (¢) 0.6 mM DMM¢ in 10 mM "iris chloride 
at pH 8.0 and 21°C. The difference spectra at the (d) lower and (e) 
higher DMMe concentrations arc ~so sho~m. The ted end of the 

absorption spech'urn (curves b and c) are not shown for clarity. 
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higher ratios. The difference spectrum ii: DMPC vesicl,~ 
is essentially identical to that is observed at h i ~  
fipid/dye ratios (data not shown). The difference spec- 
trum of the dye bound to vesicles at low lipid/dye 
ratios also shows that the quenching is dt, e ~o ;he 
formation of a complex in the ground-state, and this 
does not bring about a change in fluorescence life-time. 

The observations described so far show that NK-529 
binds to anionic bilayers with a high affinity, and at low 
lip:.d/dye ratios substantial quenching is observed. 
Complex biphasic binding curves of the type shown in 
Figs. 2 and 4 can be explained in terms of the binding 
equilibrium: 

D~ ~-Dq~- D b 

where only the D b form is fluorescent, and the Dq form 
of the bound dye is not. Also the fluorescence character- 
istiCS of D b are dist inct ly different from those of the 
dye in the aqueous phase D.,. This formalism is sup- 
ported by the following observations: A biphasic bind- 
ing curve arises from se|f-quenching of the dye bound 
to anionic vesicles with a ~gh  ~ff;p_;.~, where low 
lipid/dye ratios can be ~;'tamed as in the beginning 
parts of the binding curves (Figs. 2 and 4); the increase 
in the intensity at high ~-esicle concentration is due to 
surface dilution on excess vesicles as the equilibrium 
shifts towards D b. Based on these considerations the 
decrease in emission intensity at low concentrations of 
the aqueous dispersions of a variety of anionic phos- 
pholipids (Table II) is due to a high-aff'mity binding of 
NK-529. Thus significant self-quenching is seen with 
low concentrations of the vesicles of anionic but it is 
not so evident with vesicles of zwitterionic phospholi- 
pids (Fig. 2). The emission maximum of the bound dye 
to anionic vesicles is somewhat lower, in the 673 to 677 
nm range compared to 677 for zwitterionic vesicles), 

According to these considerations, self-quenching of 
NK-529 me.!ecules bound to anionic interfaces is related 

TABLE II 

Binding paramelers for NK-529 to cesicles of anionic phospholipid~ at 
210C and pH 8.0 in I0 mM Tris 6~lorid¢ 

Abbreviations: PC, phosphoryl choline~ PE, phnspheryl etlh'L~ola- 
mine: PcheL phosphc~l cholesterol: PG. phosphotyi glycerol: PMe, 
phosphoryl methanol: PS, phosphoryl serine. 

Phospholipids Lipid/dye 
ratio 

1,2- Dimyristoylglycero-PMe 3.4 
1,2-Dimyristoylglycero-PG 4.2 
l - Palmito)'l-2-oleoylglyoero- PG ! .I 
L2 - Dimyrlstoylglycero-Pcho] Z 7 
l - Palmitoyl-2-oleoylglycero-PMe Z7 
1.2-Dioleoylglyeexo- PS 2.0 
1.2-Dipalmitoylglycero-PS 3.8 

e 

1"  [ o ~ ,; ,~ ~ 

Total I~pid (,/~-~1 
Fig 6, Dependence of the relative fluorcsccrg:- -mission intensity of 
5.2 IzM NK-529 at 685 nm in the pre~nc¢ ol' DMMe vesicles 
cow.~ning varying mole fractions ef DMPC: for .,urves a-e the mole 
fractions of DMPC are 0. 0.35, 0.5. 0.65 and 0.9. The abscissa is the 
~uarc root of the total phospholipid concentration. Other conditions 

givan Jr. Fig. 4. 

to the average lateral separation of the dye molecules. 
Therefore quenching would be proportional to the 
square root of the area of the inten'ace. A plot of the 
emission intensity as a function of the square-root of 
the concentration of the lipid is also shown in Fig. 4. 
Extrapolation of the initial region of the binding curve 
to the minimum in the emission intensity, yields a 
l ipid/dye ratio defined as the moles ~f lipid in the outer 
monolayer of the vesicle per mote of the bound dye 
(Table ll). These numbers are corrected for the fact that 
the dye molecules bind only to the outer monolayer of 
vesicles. For most of the anionic phospholipids the ratio 
is approximately three, as would be expected if NK-529 
covers the area occupied by three phospholipid mole- 
cules, however the two positive charges of the dye could 
bind stoichiometrically only to two phospholipid mole- 
r.'ules. The lipid/dye ratio is somewhat smaller for phos- 
pholipids wire larger areas of cross-sec*;on such as 
dimyristoylglycerophosphoryl cholesterol [17] or the 
ones with unsaturated acyi chains. This suggests that 
while the primary driving force for the binding of 
NK-529 is electrostatic, the binding is of such a high 
affinity that under limiting conditions the dye virtually 
completely covers the outer surface of anionic vesicles. 

B;.,".ding of NK-529 to codispersiorts of DMPC and DMME 
The hypothesis that the falling phase of the binding 

curve (Fig. 4) is due to the self-quenching, is further 
~upported by the results shown in Fig. 6. The binding 
curve is appreciably modified in the presence of phos- 
phatidylcholine codispersed in vesicles of DMMe. The 
fluorescence intensity of bound dye is higher in the 
presence of DMPC at a mole fraction > 0.3. This 
suggests that when on the average the dye molecules ~re 
farther apart from each other, self-quenching decreases 
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Fig. 7. Dependence of (a, open circles and left ordinate) the lipid/dye 
ratio and (b. closed circles and right ordinate) ratio of the fluores- 
cence intoensity of the dye bound to DMPC to that in the codispersion 
(Fo/F) as a function of the mole fraction of DMPC in DMMe 

• ~esicles. Th~  data are derived from the curv¢~ she .~a ~ Fig- 6. 

as the equilibrium shifts towards the De form. The 
Stern-Volmer plot for the fluorescence intensity of NK- 
529 at the minimum in the binding curves (obtained 
from the data shown in Fig. 6) is sho.wn_ in Fig. 7_ The 
intensity of unquenchcd bound dye is taken as the 
intensity at high concentration of DMPC vesicles (cf. 
Fig. 2), where the lipid/dye ratio is very high and all 
the dye is bound. 

From the binding .':urves in Fig. 6 we also calculated 
the lipid/dye ratios when all the dye is bound, and the 
bound dye is complefely quenched. As shown in Fig. 7 
the lipid/dye ratio increases with the increasing mole 
fraction of DMPC in the codispersions, however, this 
increase is observed only when the mole fraction of 
DMPC exceeds 0.30. Such a behavior is expected if 
NK-529 covers three phospholipid molecules out of 
which only two are anionic. Thus the increase in the 
fluorescence intensity would be seen only when the 
separation between the charged phospholipids (two out 
of three) is increased due to surface dilution. A com- 
plete mathematical description is being developed. 

Effect of the thermotrofic phase transition characteristics 
The distribution of anionic charges at the btlayer 

interface, and therefore the fluorescence characteristics 
of NK-529, arc expected to change with the gel-fluid 
transition in the bilayer organization. As developed in 
the next paper for the ternary vesicles, an abrupt de- 
crease in the fluorescence emission intensity occurs at 
the phase transition temperature. Such a change is 
considerably more pronounced with codispersions of 
DTPC containing upto 10 mol~ DMMe compared to 
that with vesicles of only DTPC. Since most of the dye 
is bound to vesicles under these conditions, the temper- 
ature-dependent changes in the fluorescence intensity at 
the gel-fluid phase transition probably arise from a 

change in the lateral distribution of the dye bound to 
anionic lipids, rather than due to a change in the 
partitioning eqnifibfium of the dye between the bilayer 
and the aqueous phase. The temperature-dependent in- 
crease in the fluorescence emission of NK-529 is not 
observed with dispersions containing higher mole frac- 
tions of DMMc becansc the lipid/dye ratio is low and 
therefore any change in the dye-to-dye distance at the 
gel-to-fluid transition will not appreciably influence the 
relative quenching of the dye. It is particularly striking 
to note if, at the increase in the fluorescence ; 1tensity 
above the transition temperature is considerably more 
pronounced in the codispersions of DMPC containing 
DMMe rather than with DMPC alone. This would be 
expected if increase in the intensity in the fluid phase is 
due to ideal mixing of the components, whereas lateral 
p ~ha:,e separation of the anionic additives occurs in the 
temperature range where gel-fluid phases coexist [18]. 
Thus, segregation of anionic lipids would lead to self- 
quenching of the bound dye. Above the phase transition 
temperature all the components mix and therefore the 
effective charge density is lowered and the fluorescence 
intensity increases. This phenomenon is being investi- 
gated fu .~.h~ 

The effect of cationic additives 
The results described so far emphasize a significant 

role of the intedacial charges on the binding of NK-529. 
This is further investigated by monitoring the effect of 
cationic amphiphiles on the fluorescence intensity of 
NK-529 in DMMe vesicles. As shown in Fig. 8 the 
fluorescence intensity of NK-529 in DMMe vesicles 
increases with incre.asing concentrations of the various 
cationic amphiphiles, ~hereas neutral tetradecanol does 
not have ~ noti~w.ble effecL The effect of these 
amphiph~le~ is m, ve pronounced in DMMe vesicles 
than it is in codispe:sions of equimolar DMMe + DMPC 
(data not shown). It is interesting to note that the effect 

/ f-Z 

o Amphi~im{~.M} ~0 

Fig. 8. The change in the fluorescence intensity of NK-529 (5.2 FM) 
on vesicles of DMMe (42 v.M) in the presence of amphiphiles: from 
top: (a) tetradccylammonium bromide; (b) laurylpyridiniam chloride: 
to) dibucain¢: (d) calcium: and (e) tetradecanol. Other conditions as 

m Fig. 4. 
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TABLE Ill 

Effect of sahs on the hpid /dye ratio on anionic vesicles 

Lipid Salt Lipid/dye 
ratio 

DMMe none 3.4 
NaC120 mM 7.6 
Na2SOa 10 mM 7.5 
KC120 mM 10.4 
LiCI l0 mM 9.1 
MgCI 2 0.5 mM 21.7 
CaO2 0.1 mM 15.6 

DMMe+ DMPC (1 : I) nof, e 5.8 
NaCI i0 mM 9.1 
KCI l0 mM 9.1 
LiCl l0 mM 10.4 

of the cationic amphiphiles depends not only on their 
concentration but also on their structure. Low efficacy 
of dibueaine is probably due to the fact that only a 
small fraction of dibacaine is bound and of this only a 
fraction would be in the protonated form. On the other 
hand a difference in the effec: of tetradeeylammonium 
bromide and laurylpyriclinium cations must be ascribed 
to a difference in their sizes. 

changes in the surface charge density is interpreted in 
terms of the following experimentally verifiable assump- 
tions: NK-529 binds to vesicles with a concomitant 
increase in the fluorescence intensity if the ratio of lipid 
to bound-dye is large; the binding of the dye is en- 
hanced zonsiderably at anionic interfaces; a decrease in 
the ratio of lipid 1o bound-dye leads to quenchin,o,: and 
the rate of binding and desorption of the dye is rapid. 
The binding of NK-529 to a bilayer interface is not 
exclusively but predominantly electrostatic. Th~s a 
change in the distribution of surface charges is reflected 
in an increase in the fraction of the bound dye which 
increases :he emission intensity, as well as in a decrease 
in the fluorescence intensity due to self-quenching of 
segregated of dye molecules. However, based on the 
considerations outlined in this paper, it is possible to 
choose appropriate experimental boundary conditions 
and to manipulate relative contributions of the two 
opposing processes that determine the fluorescence 
changes that occur in a variety of experimental condi- 
tions leading to changes in surface charge density and 
distribution, in the next paper [14] we have exploited 
this situation to monitor changes in the distribution of 
anionic charges during the time course of interracial 
catalysis by phospholipase A 2 on zwitterionic bilayers. 

The effect of salts 
Binding of NK-529 to anionic vesicles is dominated 

by ionic interacfons, therefore a shift in the binding 
equilibrium is expected in the presence of salts. The 
major effect of salt is to shift the binding curve (cf. Fig. 
4) towards a higher substrare concentration. As shown 
in Fig. 9, increasing calcium concentration leads to an 
increase in the fluorescence intensity of NK-529 on 
DMMe vesicles. ALso as summarized in Table Ill the 
lipid-dye ratio increas~ significantly in the presence of 
low concentrations of salts. The,~ effects are concentra- 
tion dependent, and divalent cations are more effective 
than monovalent ions. Such a behavior would be ex- 
pected if these cations compete with NK-529 for bind- 
ing to the anionic interface. 

Discussion 

There are few methods available to monitor the 
distribution of charges on the surface of bilayers. The 
use of potential-sensitive dyes is based on the principle 
that the distribution of transbilayer charges is reported 
by the distribution and orientation of a dye. In this 
paper we have extended this principle to obtain infor- 
mation about lateral distribution of anionic charges at 
the surface of bilayers. The results summarized in this 
paper show that the fluorescence properties of cationic 
NK-529 are very sensitive to the density and distribu- 
tion of anionic charges on a bilayer interface. The origin 
of the fluorescence changes observed in response to 
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