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Segregation of anionic lipophiles in bilayers monitored by binding
of cationic dye NK-529
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Fluorescence emission properties of a cationic indodicarbocyanine dye, NX-529, bound to anionic and zwitterionic
vesicles, are examined under a variety of conditions to monitor lateral distribution of anienic amphiphiles in bilayers as
a function of their phase properties. The change in the fluorescence properties of NK-529 arises from the binding of the
dye to the bilayer that is dominated by ionic interactions when possible, as well as from the self-quenching of the dye
bound to bilayers when the surface density of the dye is high. The binding affinity of the dye to anionic interfaces is
riore than 100-fold higher compared to that in zwitterionic bilayers. The limiting phospholipid /dye ratio in anionic
bilayers at low vesicle concentrations is about 3. Thus the density of the bound dye in anionic bilayers can be more than
40-fold higher than that in zwitterionic bilayers, and therefore under such conditions the bound dye is completely
self-quenched in vesicles or micelles of anionic phospholipids. The change in the fluorescence emission intensity on
incorporation of anionic amphiphiles in zwitterionic bilayers is used to monitor segregation of the anionic amphiphiles.
The organizational features of Dilayers that cause a change in the fluorescence properties of bound NK-529 show that
the lateral distribution of anionic amphiphiles is appreciably influenced not only by the mole fraction of the amphiphile
but also in the presence of other additives, and by the gel-fluid thermotropic transition. As shown in the following paper,
the fluorescence changes related to self-quenching in anionic bilayers containing NK-529 can be used to understand the
organizational changes that occur during the course of interfacial catalysis by phospholipase A , on zwitterionic bilayers.

Introdaction

Spectral probes are well suited to characterize the
changes in the surface charge properties of bilayers
[1-3]. In order to understand the biophysical basis of
the complex kinetics of the catalytic action of phos-
pholipase A, on zwitterionic bilayers [4-9] we searched
for a probe that could directly report changes in the
surface charge density and distribution occurring at the
interface during the interfacial catalysis. Both the prod-
ucts of hydrolysis of phospholipids by phospholipase
A, remair. in the bilayer and the integrity of the bilayer
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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 encugh io 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 interfacial catalysis
on zwitterionic bilayers. In the next paper we apply
these findings to elaborate the changes in the interfacial
properties of the bilayer that are responsible for the
binding and catalytic action of phospholipase A, [14].

Materials and Mcihods

Phospholipids used in this study were more than 99%
pure and synthesized as descrived elsewhere [11,i2] or
purchased from Avanti (Birmingham, AL). NK-529
(1.3.3,1'.3",3"-hexamethylindocarbocyanine) was pur-
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 (Sonicor) for
2-5 min ull a clear suspension was obtained. The
ternary codispersions were prepared from preformed
DMPC vesicles by adding the aqueous solution of LPC
followed by an ethano! solution of myristic acid in
small aliquots. This protocol works reasonably well for
incorporation of less than 15 mol% 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 experimenial conditions used in this and the
next paper [14] are essemtially icentical. All spectro-
scopic measurements were made in 10 mM Tris chlonide
at pH 8.0. The buffer used for measurements with
DMPC vesicles also contained 5 mM CaCl,. Osmolar-
ity was generally kept constant, although the observa-
tions reported in this or the next paper do not appear to
be sensitive to such asymmetries. Other conditions, if
significantly different. are as given in the figure legends.
Unless stated otherwise the concentration of the dye
was 52 pM (added as 20 pl of ethanol solution to 2 m!
of the aqueous buffer) and the concentration of phos-
pholipids was 0.590 mM. Typically, the temperature of
the aqueous dye solution was allowed to equilibrate and
the lipid dispersions were added after about 5 min.
Independent controls with vesicles loaded with potas-
sium sulfate and doped with valinomycin showed that
the fluorescence changes described in this and the next
paper {i4] are not due to changes in transmembrane
diffusion potential. Similarly, a direct efiect of ionic
sirengih and pH changes is ruled out in order te 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 mM) in 1 cm cuvette on
SLM 48008 spectrofluorimeter (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 2
diode array spectrophotcmeter (HP8452) equipped with
appropriate data processing software for manipuiation
of spectra.

Results

The fluorescence properties of NK-529 in aqueous phase
and zwitterionic vesicles

NK-529 is a water-soluble cationic fluorescent dye.
Its exritation maximum is at 620 nm. As shown in Fig.
1, the emissinn intensity and emission maximum (be-
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Fig 1. Fluorescence emission spectra of 5.2 pM NK-529 (curve b) in

the agueous phase. and (curve a) in the presence of 0.59 mM DMPC

vesicles in 10 mM Tris chloride 2nd 5 mM CaCl, a1t pH 80 and

21°C. Curve ¢ is the difference spectrum (a—b), which does not

qualitatively change as a function of an increasing concentration of
DMPC vesicles.

tween 650 and 680 nm) of the dye depends upon the
polarity and charge distribution in the microenviron-
ment in which it is localized. 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 cxample, in
dilute aqueous solutions the flucrescence intensity at
the emission maximum (650 nm} skows a linear depen-
dence on the dye concentration up to 5 pM, and above
8 pM the fluorescence intemsity is self-quenched. The
decrease in the fluorescence quantum yield is due to
self-quenching in the aqueous phase, and it is most
proncunced at the emission maximum of 660 nm. How-
ever, as elaborated in this and the next paper, subile
changes in the fluorescence intensity occur under cer-
1ain conditions that provide insight into the mechanism
of binding of phospholipase A, to the substrate inter-
face.

NK-529 binds to vesicles and micelles of a variety of
phospholipids. 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 nm to
677 am. In the difference spectra the emission maxi-
mum remains at 680 nm at all concentrations (0.02 to 2
mM) of vesicles investigated. As shown in Fig. 2 the
emission intensity of the dye at 685 nm increases about
4-fold, and reaches a maximum when all the dve is
bound to vesicles. The binding curves shown in Fig, 2
are not a simple hyperbolic function. Based on the
results described later it is interpreted by assuming that
there are two populations of the dye in equilibrium:
bound (D, ) and free (D,.), and the fluorescence quan-
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Fig. 2. Dependence of the flucrescence emission intensity of 5.2 yM

NK-529 at 685 nm con the to1al phospholipid concentration for (2)

DMPC vesicles and (b) for DMPC vesicles containing 25 mol%

LPC +mysistic acid (1:1) in the outer fayer. Oiker conditions as
given in the legend to Fig. 1.

turn yield of the bound dye depends upon the lipid /dye
ratio. The apparent lipid-water partition coefficient of
NK-529 an 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 cuter monolayer of vesicles. Similarly,
by a linear extrapolation of the middle linear region of
the binding curve (Fig. 2) to the maximum change in
the intensity it can 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 zwitterionic phospholipids were ob-
tained 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 nm. 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 between the environments of
vesicles and micelles. Also, the gel-fluid phase proper-
ties of the bilayer or the structure of the zwitterionic
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 (below 20 uM) the in-
crease in the inteasity at 685 nm is somewhat sznaller
than that is theoretically expected for a simple binding
oguilibrium 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
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TABLE 1

Parameters for equilibrium binding of NK-529 to tesicles of zwitterionic
phospholipids in 10 mM Tris at pH 8.0

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

Lipid in Oum 1./, /D P
ratio

DMPC - Ca 490 93 6000

Ca Ca 38

water Ca 40

- - 46

Ca - 4.5

water - 590
DMPC + 25% products 32 78 7890
oTiC water  ~ 44 87 5980
POPC water - 49 63 6260
HexadecylPC - 40 107 5510
DOPE water - 46 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
INK-529 in bilayers is considerably more pronounced in
vesicles containing varying mole fractions of the prod-
ucts, 1-myristoylglycerophosphorylcholine + myristic
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
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Fig. 3. Relative fluorescence emission intensity of 5.2 pM NK-529 in
0.59 mM DMPC vesicles containing a varying mol% of LPC + myristic
acid (10 1:1 mole ratios) in the outer monolayers. The additives were
incorporated in preformed DMPC vesicles by successively adding
small aliquots (tyrncally 2% or less) of LPC followed by equimolar

amounts of myristic acid with vigorous mixing.
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Fig. 4. Depend! ity of (curve a) NK-529

at 685 om on the total DMMe concentration in 10 mM Tris at pH 5.0

and 21°C. Curve b: the same data, as in curve a. plotted as a function

of the square root of the concentration of DMMe (upper scale). Curve

c: The dependence of the position of the emission maximum on the
DMMe concentration (bottom scale).

in the outer monolayer of preformed DMPC vesicles.
At higher mole fractions (above 0.05) of the preducts,
the fluorescence intensity increases till it approaches the
intensity that is observed in the absence 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 acid molecules begin to segregate in the bilayer,
and therefore the dye molecules bound to vesicles 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 10 a change in the bulk pH, or transmembrane ionic
gradients or diffusion potential.

Binding of NK-529 to vesicles of anionic phospholipids

In order to characterize the binding and spectral
properties of NK-529 on antonic interfaces we investi-
gated its spectral properties cn 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 initial 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 till the fluorescence intensity begins to 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 mM) where the flucrescence inten-
sity also begins to increase {(Jdaia not shown).

These results are best explained as follows. At low
lipid concentrations the fluorescence is only due to the
free dye in the aquecus 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
contribute to the fluorescence emission. Since this re-
gion of the binding curve is essentially linear, only the
lower limit of the apparent partition coefficient (affin-
ity) of the dye for the interface of DMMe vesicles can
be estimated as more than 38500, as the ratio of the
moles of dye per gram of lipid to roles of dye per gram
of the aqueous phase. The actnal value of the partition
coefficient probably approaches 10°. Near the bottom
of the binding profile (Fig. 4) all the dye is bound, and
the density of the bound dye is about one dye molecule
per 3 phospholipid molecules. An increase in the added
hip:d disperses the dye molecules farther apart. Under
these conditions self-quenching is relieved, and there-
fore the resulting spectra are due to the dye bound ic
vesicles where not only the emission intensity increases,
the emission maximum is red-shifted, and fluorescence
life-time increases.

This interpretation of the genesis of the fluorescence
change of NK-529 bound to DMMe vesicles is also
consistent with the spectral properties of the dye in the
ground state. As shown 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
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Fig. 5. The absorption spectra of 52 pM NK-529 (a) alone, in the
preseace of (b) 0.035 ard (¢) 0.6 mM DMMe in 10 mM Tris chloride
at pH 8.0 and 21°C. The difference spectra at the (d) lower and (e)
higher DMMe concentrations are aiso shown. The red end of the
absorption spectrum (curves b and c) are not shown for clarity.



higher ratios. The difference spectrum i: DMPC vesicles
is essentially identical to that is observed at high
fipid/dye ratios (data not shown). The difference spec-
trum of the dye bound to vesicles at low lipid/dye
ratios also shows thai the quenching is duc is the
formation of a complex in the ground-state, aud 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
lipid/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,=D,=D,

where only the D, form is fluorescent, and the D, form
of the bound dye is not. Also the fluorescence character-
istics of D, are distinctly differcent 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 seif-quenching of the dye bound
to anionic vesicles with a high affinity where low
lipid/dye ratios can be ztiained as in the beginning
parts of the binding curves (Figs. 2 and 4); the increase
in the intensity at high vesicle concentration is due to
surface dilution on excess vesicles as the equilibrium
shifts towards D,. 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-affinity binding of
NK-525. 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 mclecules bound to anionic interfaces is related

TABLE I

Binding parameters for NK-529 to tesicles of anionic phospholipids at
21°C and pH 8.0 in 10 mM Tris chloride

Abbreviations: PC, phosphoryl chaline; PE, phospheryl eth

mine; Pchel, phosphoryl cholesterol; PG, phosphoryl glycerol; PMe,
phosphoryl methanol; PS, phosphoryl serine.

Phospholipids Lipid/dye
ratio
1,2-Dimyristoylglycero-PMe 34
1,2-Dimyristoylglycero-PG 42
1-Palmitoyl-2-oleoylglycero-PG 11
1.2-Dimyristoylglycero-Pchol 27
1-Palmitoyl-2-oleoylglycero-PMe 27
1.2-Dioleoylglycero-PS 20
1.2-Dipalmitoylglycero-PS 38
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Fig. 6. Dependence of the relative fluorescenc: ~mission intensity of
52 nM NK-529 at 685 nm in the presence of DMMe vesicles
coniaining varying mole fractions cf 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
square root of the toial phospholipid concentration. Qther conditi

a3 given ir 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 interface. 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
lipid /dye ratio defined as the moles of lipid in the outer
monolayer of the vesicle per mole of the bound dye
(Table H). 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 dve could
bind stoichiometrically only to two phospholipid mole-
«ules. The lipid /dye ratio is somewhat smaller for phos-
pholipids wiin larger areas of cross-section such as
dimyristoylglycerophosphoryl cholesterol [17] or the
ones with unsaturated acyl 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.

Binding of NK-529 to codispersions of DMPC and DMME

The hypothesis that the falling phase of the binding
curve (Fig. 4) is due to the self-quenching, is further
supported by the results shown in Fig. 6. The binding
curve is appreciably modified in the presence of phos-
phatidylcholine codispersed in vesicles of DMM=. 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 are
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 intensity of the dye bound to DMPC to that in the codispersion
(Fy/F) as a function of the mole fraction of DMPC in DMMe
vesicles. These data are derived from the curves she e .» Fig. 6.

as the equilibrium shifts towards the D, 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 shown in Fig. 7. The
intensity of unquenched 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 completely 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 thermotropic phase transition characteristics

The distribution of anionic charges at the bilayer
interface, and therefore the fluorescence charactenistics
of NK-529, are 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 equilibrium 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 DMMe because 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 that the increase in the fluorescence i atensity
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
phase 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-
oated further,

The effect of cationic additives

The results described so far emphasize a significant
role of the interfacial 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 increasing concentrations of the various
cationic amphiphiles, whereas neutral tetradecanol does
not have 2 noticzeble effect. The effect of these
amphiphile; is mire pronounced in DMMe vesicles
than it is in codispe 'sions of equimolar DMMe + DMPC
(data not shown). [t is interesting to note that the effect
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Fig. 8. The change in the fluorescence intensity of NK-529 (5.2 uM)
on vesicles of DMMe (42 uM) in the presence of amphiphiles: from
top: (a) tetradecylammonium bromide; (b) laurylpysidinium chloride:
(¢) dibucaine: (d) ¢alcium: and (¢) tetradecanol. Other conditions as
in Fig 4.



TABLE Il

Effect of salts on the lipid /dye ratio on anionic vesicles

Lipid Salt Lipid/dye
fatio
DMMe none 34
NazCl 20 mM 76
Na,S0; 10 mM 75
KCi 20 mM 104
LiC1 10 mM 9.1
MgCl, 0.5 mM 217
CaCi, 0.1 mM 15.6
DMMe+DMPC(1:1) none 58
NaCl 10 mM 9.1
KCl110 mM 9.1
LiC110 mM 104

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

The effect of salts

Binding of NK-529 to anionic vesicles is dominated
by ionic interactions, 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 substrate concentration. As shown
in Fig. 9, increasing calcium concentration leads to an
increase in the fluorescence intensity of NK-529 on
DMMe vesicies. Also as summarized in Table III the
lipid-dye ratio increases significantly in the presence of
low concentrations of salts. Thess 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 ox 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 dve. 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

21

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 -onsiderably at anionic interfaces; a decrease in
the ratio of lipid to bound-dye leads 10 quenching; 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. Thus a
change in the distribution of surface charges is reflected
m an increase in the fraction of the bound dye which
increases the 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 interfacial
catalysis by phospholipase A , on zwitterionic bilayers.
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