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The interaction of the dye oxonol V with unilamellar dioleoylphosphatidylcholine vesicles has previously been investigated using a 
fluorescence stopped-flow technique. It has been found that the most suitable mathematical description of the equilibrium and 
kinetic data is obtained by assuming the presence of saturable dye binding sites in both monolayers of the vesicle membrane and a 
potential-dependent diffusion across the membrane interior between these two classes of sites. A kinetic model is presented which 
takes into account the degree of saturation of the binding sites, the degree of fluorescence quenching within the membrane, and the 
production of an electrical potential gradient across the membrane interior by the binding of the negatively charged dye. The model 
successfully predicts the time course of the fluorescence change due to hinding and diffusion over the complete range of dye and 
vesicle concentrations as well as the fluorescence response of the dye to changing membrane potential. 

1. Introduction 

Potential-sensit& dyes have been widely used 
in recent times for measuring membrane poten- 
tials of cells, cell organelles and membrane vesicles 
[l-5]. A change in membrane potential results in 
an alteration in the dye fluorescence or absorption 
signal. From this dye response the membrane 
potential can be determined, assuming that the 
dye response has previously been calibrated at 
known membrane potentials. Although the appli- 
cation of potential-sensitive dyes in biochemical 
research may not necessarily require a complete 
understanding of the mechanism of the dyes’ re- 
sponse, knowledge of their mechanisms may yield 
information useful in designing better probe mole- 
cules. In themselves they are also interesting in 
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that they provide a model system for studying the 
interaction of small hydrophobic species with lipid 
membranes. Of further practical importance is the 
possibility of selectively staining cancerous cells 
and thus using dyes as photoactive anticancer 
therapeutic agents [6-g]. 

Oxonol dyes, such as oxonol V and VI (see fig. 
l), have been widely used as potential-sensitive 
dyes in membrane experiments [9]. They have a 
pK, near 4.2 [lo] and are thus anionic at physio- 
logical pH values, but the charge is delocalized 
over the molecule, so that they are still membrane 
permeable. Because of their hydrophobicity they 
bind strongly to lipid membranes and consequent 

R R 
Fig. 1. Structures of oxonol V and VI. 

0301-4622/91/$03.50 0 1991 Elsevier Science Publishers B.V. (Biomedical Division) 



92 R.J. Clarke/ Binding and diffusion kinetics of dye lipid interaction 

changes in their absorbance and fluorescence 
spectra are observed. 

In a previous paper [9], stopped-flow kinetic 
data were presented for the interaction of oxonols 
V and VI with lipid vesicles and their response to 
changing membrane potential. It was found that 
the data for the binding step could be adequately 
described under conditions of excess vesicle as- 
suming a simple model involving consecutive as- 
sociation steps of dye to vesicle, and rate con- 
stants for binding and dissociation were de- 
termined. At high dye/lipid concentration ratios, 
however, this simple model was found to be no 
longer adequate to explain all the experimental 
observations. For example, at low dye/lipid con- 
centration ratios an increase in fluorescence is 
observed, however, as one proceeds to higher 
dye/lipid concentration ratios a reversal of the 
sign of the fluorescence change occurs due to 
quenching processes. Certain aspects of the kinet- 
ics of diffusion across the membrane could also 
previously only be qualitatively described. For 
example, it was found that the rate of diffusion of 
oxonol V across the membrane was sensitive to 
the magnitude of the membrane potential, whereas 
in the case of oxonol VI the diffusion rate ap- 
peared to be independent of the membrane poten- 
tial. 

In the present paper, the kinetic theory is sig- 
nificantly extended to include both binding and 
diffusion steps for the complete range of dye and 
vesicle concentrations. Equilibrium data are also 
presented which provide information necessary for 
the simulation of the kinetic traces. The extended 
kinetic model predicts the time course of the fluo- 
rescence change due to binding and diffusion as 
well as the response to a change in membrane 
potential. 

2. Materials and methods 

2. I. Materials 

Dioleoylphosphatidylcholine was obtained from 
Avanti Polar Lipids (Birmingham, AL, U.S.A.); 
oxonol V (bis(3-phenyl-5-oxoisooxazol-4-yl)penta- 
methine oxonol) was from Molecular Probes 

(Junction City, OR, U.S.A.). The phospholipid 
contents of the vesicle suspensions were de- 
termined by the phospholipid B test from Wako 
Pure Chemical Industries (Osaka, Japan). Sodium 
cholate and imidazole were from Serva (Heidel- 
berg) and Sigma, respectively. All other reagents 
were obtained from Merck or BDH (analytical 
grade). Dialysis tubing was purchased from Serva 
and Medicell International (London, U.K.). 

2.2. Vesicle preparation 

Lipid vesicles were prepared from synthetic di- 
oleoylphosphatidylcholine as described previously 
using a detergent dialysis method with sodium 
cholate, producing homogeneous unilamellar 
vesicles with an average outer diameter of 72 nm 
[11,12]. All vesicle suspensions were prepared in a 
buffer containing 30 mM imidazole and various 
amounts of Na,SO, and K,SO,. The pH of the 
buffer was adjusted to 7.2 with H,SO,. Vesicle 
concentrations were estimated by dividing the lipid 
concentration by the average number of lipid 
molecules per vesicle, which was calculated as 
described previously [9] from the vesicle radius 
and the partial specific volume of lipid to be 
45 200. 

2.3. Stopped-flow measurements 

Kinetic data for the interaction of oxonols V 
and VI with dioleoylphosphatidylcholine vesicles 
and their response to a change in membrane 
potential have been reported previously and the 
experimental fluorescence stopped-flow technique 
is described in detail elsewhere [9]. Briefly, two 
types of experiments were performed. The interac- 
tion of the dyes with vesicles was investigated by 
mixing a dye solution with an equal volume of 
vesicle suspension and monitoring the consequent 
fluorescence change. In order to investigate the 
response of the dyes to a change in membrane 
potential, stopped-flow experiments were per- 
formed in which a voltage jump was produced. 
This was achieved by equilibrating a suspension of 
vesicles with dye and valinomycin in a buffer 
containing a low K + concentration and then mix- 
ing this with an equal buffer volume containing a 
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much higher K+ concentration. At a sufficiently 
high valinomycin concentration, a diffusion po- 
tential (inside positive) for K+ could thus be 
generated within the mixing time [31-331, and the 
fluorescence response to this voltage jump was 
then monitored. 

Computer simulations of the stopped-flow 
transients were performed using a Digital VAX 
computer. The differential forms of the rate equa- 
tions were integrated using backward differentia- 
tion formulae [13] within a subroutine of the 
Numerical Algorithms Group (NAG) Fortran 
Library. 

2.4. Static fluorescence and absorbance measure- 
ments 

Fluorescence measurements were carried out in 
a Perkin-Elmer LS 50 luminescence spectrometer 
with a thermostatically controlled cuvette holder. 
The excitation wavelength was set to 580 nm (slit 
width 15 nm) and the emission was recorded at 
wavelengths greater than or equal to 600 nm (slit 
width 20 nm). The oxonol V stock solution con- 
tained 0.27 mM dye in ethanol. 2 ~1 of this 
solution was added to 2 ml of buffer in the cuvette 
to obtain a final (total) oxonol concentration of 
270 nM. The fluorescence spectrum was then re- 
corded before and after the addition of varying 
aliquots of vesicle suspension. 

Absorbance measurements were carried out in 
a Varian Cary 219 spectrophotometer with a ther- 
mostatically controlled cuvette holder. Spectro- 
photometric titrations were performed at constant 
dye concentration and varying vesicle concentra- 
tion as well as constant vesicle concentration and 
varying dye concentration. 

3. Equilibrium results 

On addition of vesicles to a solution of oxonol 
V, the dye exhibits a red shift of its absorbance 
maximum of approx. 20 nm and a slight increase 
in its molar absorptivity at h,,, (see fig. 2). An 
isosbestic point is observed at approx. 613 nm. 
Titration of vesicles with dye shows that as the 
dye concentration increases there is a decrease in 

the magnitude of the absorbance change due to 
the vesicles, indicating that the vesicles are satura- 
ble with dye (see fig. 3). Thus, it seems that the 
most appropriate description of the dye-vesicle 
interaction is a binding mechanism, whereby dye 
binds to vesicles possessing a discrete number of 
binding sites [14-161. A partition mechanism in- 
volving the transfer of dye from an aqueous to a 
lipid phase can be excluded, since it predicts a 
constant ratio between the dye concentrations in 
the two phases and thus does not allow for the 
possibility of saturation. Accordingly, the spectral 
data have been interpreted using the Langmuir 
adsorption isotherm [17-191: 

where i; is the equilibrium concentration of bound 
dye per unit concentration of vesicles, n the num- 
ber of binding sites per vesicle, ?,, the equi- 
libritim concentration of free dye, and K the 
association constant for the reaction: 

Dye + free binding site 5 occupied site (2) 

A 

0 

550 600 650 Alnm 

Fig. 2. Variation of the oxonol V absorbance spectrum in the 
presence of dioleoylphosphatidylcholine vesicles; T - 22O C, 
pH 7.2 (a) 266 nM oxonol V alone, (b) 266 nM oxonol 

V + 3080 nM lipid, (c) 266 nM oxonol V + 30 800 nM lipid. 
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Thus, the association constant is defined by 

K = [ o_ccupied sites],, 

C,[free sites],, 
(3) 

Combining the absorbance data from dye and 
vesicle titrations, values of 7 and cr, can be 
calculated and plotted according to the Scatchard 
relationship (see fig. 4), from which n and K can 
be determined from the intercept and slope, re- 
spectively [20]. The value of 7 has been expressed 
as the concentration of bound dye per unit con- 
centration of lipid, so that the intercept, y, repre- 
sents the number of binding sites per lipid mole- 
cule rather than the number of sites per vesicle. 
The values found are: 

K= 3.31(*0.22) x lo6 Mm’ 

y = 0.161( 40.003) sites per lipid molecule 

The value of y indicates that in a fully saturated 
vesicle there are l/y = 6 lipid molecules for every 
bound dye molecule. These values are comparable 
to those reported elsewhere [19] for the binding of 
oxonol V to soybean lipid and dipalmitoyl lecithin 
vesicles. 

2.2 
A 

A, 

2.0 

1.8 
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IL 
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1.0 
0 

loxonol VIIbM 

Fig. 3. Absorbance A of oxonol V at 625 nm as a function of 
dye concentration at a constant total lipid concentration of 
7710 nM. A is referred to the absorbance, A,, at zero lipid 

concentration. 
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Fig. 4. Scatchard plot for the equilibrium binding of oxonol V 
to dioleoylphosphatidylcholine vesicles ([lipid] = 7710 nM). The 
binding of oxonol V was calculated from the absorbance 
change at 625 nm. r represents the concentration of bound dye 

per unit concentration of lipid. 

Fluorescence titration of oxonol V with vesicles 
has also been performed (see fig. 5). Again there is 
a red shift of the dye’s spectrum on binding to the 
lipid and a fluorescence enhancement is apparent. 
It should be noted, however, that no isosbestic 
point is observed, suggesting that the fluorescence 
spectrum of bound dye varies with the extent of 
binding to the vesicles. For this reason the calcula- 
tion of K and y has been carried out using 
absorbance measurements alone. 

4. Kinetic theory 

Now let us consider the kinetics of the interac- 
tion of dye with vesicles utilising the idea of the 
occupation of binding sites. The kinetic processes 
of binding and diffusion are shown schematically 
in fig. 6. The rate constants k, and k_ refer to 
the association and dissociation reactions of dye 
with a given binding site (see reaction 2) so that 
K = k+/k_. The rate constants k’ and k” refer to 
diffusion across the membrane towards the in- 
travesicular space and towards the external solu- 
tion, respectively. It is furthermore assumed that 
in the absence of an electrical potential gradient 
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Fig. 5. Variation of the oxonol V fluorescence spectrum in the presence of dioleoylphosphatidylcholine vesicles; T- 22°C pH 7.2. 
(a) 266 nM dye alone, (b-k) after the addition of vesicles to final lipid concentration in the range 125-30900 nM. 

across the membrane the values of k’ and k” are V, with n binding sites one can write the following 
equal. reaction scheme: 

4.1. Binding alone 

First let us consider binding of dye to the 
exterior of the vesicles, neglecting diffusion to 
begin with. For the binding of dye, D, to a vesicle, 

EXTERNAL MEMBRANE INTRAVESICULAR 

SOLUTION I I 

I’ : 

i / 

SPACE 

/ 
I’ 

I I’ 
I 

: 
I 
I 

Fig. 6. Binding and diffusion steps for the interaction of an 
oxonol dye with the vesicle membrane. 

nk / 
D+VzDV 

(n-IN+ 
D+DV + D2V 

Zk- 

(n-2)k+ 
D + DzV 3y_ DY 

(4) 

Implicit in these relations is the assumption that 
there are no interactions between the dye mole- 
cules in the lipid membrane, so that the dye as- 
sociation rate constant for each step changes 
merely by a statistical factor corresponding to the 
initial number of empty sites on the vesicle. The 
backward rate constant changes by a statistical 
factor corresponding to the number of occupied 
sites after binding. The total concentration of dye 
bound to the lipid, C&, and that of the vesicles, 
C$, are given by 

C& = c,, + 2CDzV + 3r&J + . . . (5) 

c; = c, + c,, + CDSV + C&v + . . . (6) 
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Based upon the reaction scheme above and utilis- 
ing eqs 5 and 6 it can be shown that the overall 
rate of change of concentration of bound dye is 
given by 

dC& 
p=nk+C&-(k+CD+k-)C& 

dr (7) 

Now let us introduce the term 

C& 
r=c= (8) 

which represents the ratio of bound dye to the 
total vesicle concentration at any time during the 
reaction and in terms of binding sites corresponds 
to the number of free sites per vesicle. Substituting 
for C& from eq. 8 in eq. 7 yields, 

$=nk+C,-(k+C,+k_)r (9) 

We now introduce the total dye concentration CG: 

c;=c,+c;;v (10) 

Combining eqs 9 and 10 with the definition of K 
given above in eq. 3 eventually yields 

dr 
dt= &.k-](r- F) (11) 

K(n - ?)C; 
r= K(n-r)C:+l (12) 

where f designates the equilibrium value of r. 
Under conditions of great excess of vesicles, i.e., 
n > r, eqs 11 and 12 reduce to the forms previ- 
ously derived [9] for the case where saturation of 
binding sites can be neglected. As previously re- 
ported elsewhere [21], integration of eq. 11 yields 
the following expression for r as a function of 
time: 

bF(l -ear) 
r= 

R, C: - he” 
(13) 

where 

a = (PI - F)k,C; + Sk_ 

b= n[(n-F)k+C; +k_] 
n-7 

(14) 

(15) 

Eqs 13-15 are quite general expressions which 
explain the time course of the binding of any dye 
to the exterior of lipid vesicles. They are, however, 
only applicable to cases where diffusion across the 
membrane can be neglected, e.g., if diffusion oc- 
curs on a much longer time scale than binding, so 
that the binding step can be considered to be 
completely decoupled from diffusion or the dye is 
membrane impermeable. When diffusion and 
binding are considered together, one obtains, as 
will be shown shortly, a series of coupled differen- 
tial equations for the various dye environments, 
and direct integration of the rate equations is no 
longer possible. 

Before discussing diffusion let us first consider 
the fluorescence change observed due to dye bind- 
ing. The fluorescence, F, and any time, r, can be 
defined by the following equation: 

F= C,fw + C&f, (16) 

where j,,, and f, are the values of fluorescence 
intensity per mole of dye in water and bound to 
the lipid, respectively. If f, and f, are both con- 
sidered to be constants, it can be shown [9] that 
the fluorescence signal, when dye and vesicles are 
mixed in a stopped-flow experiment, should fol- 
low a time course governed by a relaxation time, 
r, given by 

l/T= (rt -r)k+CG + nk_ 
n-r (17) 

If experiments are performed at great excess of 
vesicle binding sites over dye molecules such that 
n > r, eq. 17 reduces to 

l/r = nk+C$ + k_ (18) 

which is of the same form as the equation derived 
in a previous paper [9] for conditions of excess 
vesicle concentrations. In this case a single ex- 
ponential relaxation would be expected, and a plot 
of the reciprocal relaxation time vs the total vesicle 
concentration should yield a straight line, from 
which the rate constants nk, and k_ can be 
determined from the slope and intercept, respec- 
tively. The expression nk, represents the rate 
constant for binding of a dye molecule to a vesicle 
with n binding sites. 

Eqs 11-15 described above are in fact quite 
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general, irrespective of the means of detecting the 
binding reaction, and eq. 17 could equally well be 
applied to absorbance measurements. In the case 
of fluorescence detection, however, the actual 
course of the fluorescence change during the bind- 
ing process may become more complicated at high 
dye/lipid concentration ratios, because the fluo- 
rescence of a dye molecule in the lipid may be 
affected by the proximity of neighbouring dye 
molecules. This would seem to be apparent in the 
stopped-flow experiments of the binding of oxonol 
V [9,21] and oxonol VI (H.J. Ape& unpublished 
results) with lipid vesicles as a reversal of the sign 
of the fluorescence change after an initial rise, if 
the experiments are performed at a sufficiently 
high dye concentration. Thus, in eq. 16, f, may 
not in fact be a constant, but instead it may vary 
with the value of r, e.g., a dye molecule binding to 
a lipid binding site may be expected to have a 
higher fluorescence if it binds in a region free of 
other dye molecules than if it binds next to an 
already bound dye molecule, because of the likeli- 
hood of self-reabsorption of the light quanta. As 
an approximation let us assume that there are only 
two possible fluorescence states of dye within the 
lipid: 

(1) dye isolated, with fluorescence intensity f, 
(2) dye bound next to another dye molecule, 

with fluorescence intensity fp (i.e., quenched) 
Let us now introduce the quantity P,, the prob- 

ability that a given dye molecule in the lipid is 
isolated, which is a function of r. The fluorescence 
of dye in the lipid, f,, at any given value of I is 
then given by 

fi=f,‘p~ +fP(l~ pi> (19) 

Now substituting this expression for f, into eq. 16 
and replacing C, by C, = CG - C& as well as 
c* by C& = rC$, one obtains the result that 
thyfluorescence change during the course of the 
reaction is described by 

F-F,=C:r[f,q+Pi(fli-f;l)-fw] (20) 

where F, (= CGfW) is the initial fluorescence of 
the dye solution before any binding to the vesicles 
has occurred. Now in order to evaluate this ex- 

pression for varying values of r, the dependence 
of P, on r is required. 

Consider the binding sites to be arranged on a 
two-dimensional lattice over the vesicle, where 
each binding site is surrounded by z nearest 
neighbours. The probability that a certain binding 
site is occupied is given by r/n. Therefore, the 
probability that a given binding site is free is 
expressed by (1 ~ r/n). The probability that for a 
given bound dye molecule all the neighbouring 
binding sites are unoccupied is then given by 

P, = (1 - (21) 

For any given experimental conditions, combi- 
nation of eqs 72-15, 20, and 21 allows the com- 
puter simulation of stopped-flow experiments [21]. 
Good agreement between the experimental and 
simulated time course of the fluorescence change 
due to the binding of oxonol V to lipid vesicles 
has been achieved [21]. 

4.2. Binding followed by diffusion 

Now let us consider the more complete situa- 
tion for the oxonol dyes, where binding is fol- 
lowed by diffusion of the dye to binding sites in 
the inner monolayer of the vesicle (see fig. 6). 
There are now two classes of binding sites, those 
in the outer and those in the inner monolayer, and 
two aqueous concentrations of dye to be consid- 
ered, the extra- and intravesicular concentrations. 
Thus, let us make the following definitions: 
n o E number of binding sites in the external 

monolayer per vesicle 
ni = number of binding sites in the internal 

monolayer per vesicle 
Nz = CE/C: = number of molecules of dye in 

the extravesicular solution per vesicle 
NA = ChqI, = number of molecules of dye in 

the intravesicular solution per vesicle 

‘0 - number of external binding sites occupied 
per vesicle 

r i = number of internal binding sites occupied 
per vesicle. 

The quantities Cg and CL refer to the molar 
concentrations of dye in the external and internal 
solution, respectively, Vi being the volume of the 
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intravesicular space of a single vesicle, and L one differential equation can be omitted, by utilis- 
denotes Avogadro’s constant. ing the mass action law, 

C;: a 
c=ND+r,,+ri+Nh (29) 

The concentration of dye in the internal and 
external monolayers can be expressed in terms of 
the fraction of binding sites occupied, i.e., r,Jn,, 
for the externally bound dye and r,/n, for the 
internally bound dye. Considering for the moment 
diffusion alone, the change in concentration of 
dye in the internal monolayer with time is then 
given by 

If eqs 25-29 are solved for given values of the rate 
constants, numbers of internal and external bind- 
ing sites and vesicle and dye concentrations, the 
time course of the fluorescence can be calculated 
using equations analogous to those derived (eqs 20 
and 21) in section 4.1. Thus, assuming that the 
fluorescence of an isolated dye molecule in the 
external and internal monolayers is identical, the 
fluorescence at any point in time is given by Rearrangement then yields, 

dr 
-& = k’:r, - k’*r, (23) 

Similarly, it can be shown that for externally 
bound dye the rate of change of r, due to diffu- 
sion alone is given by 

dro "0 
dt = k”xri - k “0 

In order to obtain expressions for the rate of 
change of concentrations of all dye species due to 
the combined effects of binding, dissociation, and 
diffusion, eqs 23 and 24 can now be combined 
with eq, 9 for binding and dissociation alone. 
Thus, one obtains the following series of coupled 
differential equations. 

dN; 
- = -n,k+N;C; + (k+N:C: + k_)ro 

dt (75) 

dro - = n,k+N$; - (k+N$; + k)ro 
dt 

+ k”zri - k’r, (26) I 

+ k’$r, - k”r, (27) 

dN,, 
dt= 

Calculation of the concentrations of the various 
species at any point in time can be simplified, i.e., 

+ C:ri[f;‘+p,‘(f,‘-fid)--f,] (30) 

where Pp and Pii are the probabilities that an 
externally and an internally bound dye molecule, 
respectively, are isolated and are given by 

Up to now, however, the fact that the dyes are 
charged has been neglected. For a complete de- 
scription of the experimental behaviour and for 
the simulation of stopped-flow kinetic traces either 
with or without a voltage jump, the effect of the 
charge must be taken into account. 

4.3. Electrical effects 

An important point affecting the rate of diffu- 
sion of hydrophobic ions across the membrane is 
the presence of electrical potential gradients. Thus, 
because the dyes are charged, the rate of diffusion 
can be accelerated or decelerated depending on 
the sign and magnitude of an electrical potential 
difference across the membrane. In the case of 
vesicles this could come about if the membrane is 
selectively permeable to a particular ion, so that a 
diffusion potential is created if a concentration 
difference exists on the two sides of the mem- 
brane. The diffusion of dye between the two classes 
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Fig. 7. Energy profile of an oxonol dye molecule in a lipid membrane. (a) Symmetric energy barrier in the absence of an electrical 
potential gradient; (b, c) production of an asymmetric barrier in the presence of an electrical potential gradient. (Adapted from Fig. 

10.30 of ref. 29.) 

of sites, because of its charge, also causes a current 
within the membrane, so that a separate electrical 
potential gradient inside the membrane exists 
which also modifies the rate of diffusion. 

The movement of dye molecules across the 
membrane may be described as a translocation 
over a symmetrical Eyring barrier [22]. Upon 
binding of dye to sites on the membrane, however, 
because of the charge on the dye, an electrical 
potential difference across the membrane interior 
will be produced and the energy barrier will be- 
come skewed to one side (see fig. 7). Accordingly, 
the diffusion rate constants k’ and k” are given 
by 

k”=k,exp(-2) 

where U, = +f - 41’ is the potential difference be- 
tween the interior and exterior binding sites and 
k, the rate constant at zero voltage. Since iYi 
changes as dye binds and moves across the mem- 
brane, the values of k’ and k” will continually be 
changing until equilibrium is reached. Thus, an 
expression for dUi/dt is required. 

Let us apply the three-capacitor model (see fig. 
8), which has previously been used for the adsorp- 
tion of lipophilic ions to lipid bilayers [23-251. 
The dye is assumed to bind to adsorption planes 
located symmetrically with respect to the centre of 

the membrane. Thus, the membrane can be con- 
sidered to be analogous to a system of three 
capacitors in series, where CO is the electrical 
capacitance of the two regions between the ad- 
sorption planes and the adjacent aqueous solu- 

OUT MEMBRANE 
I , I 

9 il* 9 i8 

IN 

1 3’ 

-MH 
co Ci co 

Fig. 8. Three-capacitor model. The dye is assumed to bind to 
adsorption planes located symmetrically with respect to the 
cenfre bf the membrane. C, is the electrical capacitance be- 
tween the adsorption plane and the adjacent aqueous solution. 
C, is the electrical capacitance between the two adsorption 
planes. $“, #I’, $1 and +’ are the electrical potentials, and q:’ 
and q,’ are the charge densities of dye in the adsorption planes. 
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tions, and C, that between the two adsorption 
planes in the membrane interior. The capacitance 
C,, is also taken to include a small contribution 
from the capacitance of the electrical double layer 
of the adjacent aqueous solution [24]. According 
to fig. 8 one can define the following potential 
differences across the various regions of the mem- 
brane, 

u’ = $/’ - Ir/; (35) 

U” = +;’ - $” (36) 

y = +; - Ir/:’ (37) 

u, = #’ - 4” (38) 

where U’ and U” are the internal and external 
boundary potentials, U, the potential difference 
across the membrane interior, and U, the total 
membrane potential. It can easily be shown that 
the total membrane potential is simply given by 
the sum of the potential differences of the individ- 
ual regions, i.e., 

u,= u’+ u”+ v, (39) 

For the three capacitors in series the total mem- 
brane capacitance, C,,,, is related to C, and Ci by 

1 2 1 -_-+- 
C~J c0 ci 

(40) 

On the basis of the model [23-251 the charge 
densities, q,’ and qr’, in the adsorption planes are 
given according to Gauss’ law [30] by 

q; = ciui - c,u’ (41) 

4;’ = CJ I’ - c,u, (42) 

Combination of eqs 39-42 then leads to 

u,=u&q:‘-q:) 
0 (43) 

The charge densities can be estimated from the 
number of binding sites occupied and the internal 
and external surface areas of the vesicle, i.e., 

Let us also define a quantity cr = C,,,/C,, whose 
value is such that 0 < 1y 5 0.5. Substituting LY and 
the expressions for q into eq. 43 then yields 

(45) 

The quantity LY is a parameter which must be 
experimentally determined. If the membrane were 
a completely homogeneous dielectric medium, the 
value of (Y would he equal to the ratio of the 
distance of an adsorption plane from its adjacent 
aqueous interface to the thickness of the mem- 
brane. Thus, a value of 0 would correspond to the 
situation where the adsorption planes are located 
directly at the membrane-solution interfaces and 
0.5 to the situation where there is a single adsorp- 
tion plane located in the centre of the membrane. 
More realistically, however, the dielectric constant 
probably varies across the width of the membrane, 
and hence it is not possible to determine from the 
value of (Y alone exactly where the adsorption 
planes lie in relation to the membrane-solution 
interface. 

Differentiating eq. 45 with respect to time 
yields, 

dUi (Ye0 1 dr, 

i 

1 dri _=_ 
dt C, A, dt Ai dt i 

(46) 

Here it has been assumed that the amount of dye 
which dissociates into the intravesicular space is 
so small that no significant change in U, occurs. 
Eq. 46 can now be added to the series of coupled 
differential equations previously derived (eqs 25- 
28). 

5. Simulated and experimental results 

Using the equations derived in section 4 the 
time course of the fluorescence change of the dye 
as it binds to the vesicles and diffuses across the 
membrane can he simulated on the computer and 
comparison to experimentally obtained fluores- 
cence transients can be made. In the case of the 
experiments described in section 2.3., in which dye 
and vesicles were simply mixed in the stopped-flow 
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apparatus, the simulation has been carried out using the previously calculated values of rO, r,, 
using the following procedure: Pi” and Pl. 

(1) 

(2) 

(3) 

NE 

400 

200 

200 

0 

ri 
150 

100 

50 

0 

For given values of CG, C;, n,, ni, k,, k_, 
k,, A,, A,, C,,,, and V, integrate eqs 26-28 
and 46 to obtain N& rO, ri, Nb and Ui as a 
function of time. This also requires the use of 
eq. 29 for the calculation of Ng and eqs 33 
and 34 for the variation of the diffusion rate 
constants with Ui. A value of a must be as- 
sumed. 
From the values of r0 and ri calculate Pi” and 
Pii from eqs 31 and 32 using an assumed value 
of 1. 
Calculate F as a function of time from eq. 30 

cl N; 

5.OOlO 

I I I I I 

0 1 2 3 4 

t/set 

5 

a.0005 

-i 

0 1 2 3 4 
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5 

. 
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The initial values of r,,, r,, Nh and U, before any 
dye has bound are set to zero. The values of n, 
and ni were determined from the total number of 
binding sites per vesicle and were divided into the 
two classes based upon the ratio of the external 
and internal vesicle surface areas. All calculations 
were for a standard monodisperse vesicle popula- 
tion with an external vesicle radius of 36 nm and a 
membrane thickness of 4 nm. The value of z was 
chosen after trying several small integral values, 
with 3 seeming to give the best correlation be- 
tween the experimental and simulated data [21]. 
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Fig. 9. Computer simulations of the variation with time of (a) IV; (dye molecules per vesicle), (b) r, (binding sites occu$ed per 
vesicle), (c) ri (binding sites occupied per vesicle), (d) Nb (dye molecules per vesicle) and (e) UI (v), at a total oxonol V concentration 

of 75 nM and a total vesicle concentration of 0.14 nM. 
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For oxonol V the most appropriate value of cy was 
found to be approx. 0.48. Based on calculations of 
the potential dependence of the equilibrium bind- 
ing of oxonol VI to vesicles, a value of 0.2 for a 
has been reported [25]. Thus, it would seem that 
oxonol V binds at a position further towards the 
centre of the membrane than oxonol VI. The 
variation of Ni, r,, r,, NA and Vi with time, 
calculated using the above procedure for particu- 
lar dye and vesicle concentrations, is shown in fig. 
9. As would be expected Ng decreases and r, 
increases rapidly as soon as binding starts. For NA 
this is followed by a slower decrease as dye moves 
across the membrane and there is a readjustment 
of the binding equilibrium, resulting in a further 
decrease in the amount of free dye. Similarly, for 
r0 the rapid increase is followed by a slower 
decrease as the dye distributes itself between the 
binding sites on both sides of the membrane. For 
r, and NA there is an initial lag which occurs in 
the first 0.2 s, but because of the time scale this is 
not apparent in fig. 9. The lag is due to the fact 
that diffusion across the membrane must first 
occur before any change is observed. After this lag 
phase ri and NA both increase until eventually 
equilibrium is reached. For ri the increase is sim- 
ply due to diffusion across the membrane, whereas 
for NA this is followed by dissociation into the 
intravesicular space. Because of the high affinity 
of oxonol V for the lipid phase, it can be seen that 
at these concentrations NA reaches a level of on 
average only approx. 0.0014 dye molecules per 
vesicle. The effect that this dye current across the 
membrane would have on the membrane potential 
can be estimated from the membrane capacitance. 
Thus, 

- A NAe, 
urn= CA 

m 

-0.0014 x 1.6 x lo-l9 = 
1 x 1O-6 x 4a x 36 X lo-‘x 32 x lo-’ 

= -1.5 X lop6 V = -0.0015 mV 

Accordingly this tiny effect of the dye on the 
membrane potential has been neglected and I_& is 
assumed to be constant. As can be seen from fig. 
9, however, the dye has a dramatic effect on the 

potential across the membrane interior. Initially 
there is a rapid rise in Ui as negatively charged dye 
binds to the external binding sites and then there 
is a slower decay in (ii as dye moves across the 
membrane and the negative charge is distributed 
between the sites on both sides of the membrane. 
In fig. 10, experimental and simulated fluorescent 
transients are shown for comparison. Both show 
an initial rapid increase in fluorescence due to the 
binding step followed by a slower increase as dye 
diffuses across the membrane. In the calculations 
it has been assumed that the fluorescence of an 
isolated dye molecule in the external and internal 
monolayers is identical. The fact that diffusion 
still results in a change in fluorescence is due to 
two factors. Firstly, because the diffusion reaction 

I 

0 20 LO 60 .I- ltsec 
Fig. 10. Stopped-flow traces. (Solid line) Experimental 
stopped-flow trace. Oxonol V in buffer containing 75 mM 
K,S04 and vesicles in buffer containing 75 mM K,S04 were 
mixed to final concentrations of 75 nM dye and 0.14 nM 
vesicle (lipid concentration 6.3 pM); T- 22”C, pH 7.2. 
(Dashed line) Computer simulation of a fluorescence stopped- 
flow trace using eqs 26-34 and 46. Values of the parameters 
used are: Cz = 7.5 x 10-s M Cv - 
lo7 M-’ s-l, k_ = 4.7 s-l,’ 

* -1 4x10-” M, k+=L6x 
no = 3.86 x lo3 external sites per 

vesicle, ni = 3.44 X lo3 internal sites per vesicle, k, = O.C006 
s-l, C,,, = 1 X 10m6 F cm-‘, f, 3 7.15 x 10’ (arbitrary units) 
M-‘, f{ = 19.08 ~10~ (arbitrary units) M ‘, fp = 0 (arbitrary 
units) Mu’, _4,=1.63~10-” cm*, Ai=1.29x10-” cn?, V, 
= 8.27 dm3 mol-‘, a = 0.48 and z = 3. The simulated curve 
has been normalized to the fluorescence change of the experi- 
mental trace. On the time scale of the figure the simulated and 
experimental curves show an identical initial rapid increase in 

fluorescence over the first fraction of a second. 
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is coupled to the binding step, the movement of 
dye across the membrane results in a readjustment 
of the equilibrium between free and externally 
bound dye, causing an overall increase in the 
amount of bound dye and hence a fluorescence 
change. Secondly, at high dye concentrations the 
diffusion reaction by itself would cause an in- 
crease in fluorescence, because it results in the 
equal distribution of dye between the external and 
internal binding sites and hence a minimisation of 
the degree of quenching. 

The dependence of the apparent reciprocal re- 
laxation time for the diffusion reaction on vesicle 
and dye concentration has been measured previ- 
ously (see fig. 4 in ref. 9). It was suggested [9] that 
the dramatic acceleration of the diffusion rate at 
high dye/lipid concentration ratios might be due 
to a perturbation of the membrane structure as 
dye accumulates in the membrane, however, this 
can now be attributed to quenching, which causes 
a fluorescence plateau to be reached earlier than 
would otherwise be the case, resulting in an over- 
estimate of the reciprocal relaxation time. This 
can be seen from the simulated kinetic plots (see 
fig. ll), where calculations of the apparent re- 
ciprocal relaxation times have been carried out 
including and excluding quenching. For each 
simulated fluorescence curve the reciprocal relaxa- 
tion time has been estimated from the slope of a 
semilogarithmic plot vs time of the difference in 
fluorescence at any time from its maximum value. 
Simulations in which quenching was ignored were 
performed by setting fp =f,’ in the calculation. 
Similar apparent accelerations of the binding reac- 
tion at high dye/lipid concentration ratios have 
also been found which are likewise attributable to 
quenching [21]. In the case of the diffusion reac- 
tion, however, at low dye/lipid concentration 
ratios there is still a smaller increase of the re- 
ciprocal relaxation time with the dye/lipid ratio, 
which cannot be attributed to quenching since it is 
observed even in simulations in which quenching 
is ignored (see fig. 11). This can be explained by 
the electrical potential gradient generated across 
the interior of the membrane by the binding of the 
dye. As the dye concentration increases, the dif- 
ference in the degree of occupation of the external 
and internal binding sites shortly after mixing also 
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Fig. 11. Simulated kinetic plots for the diffusion reaction of 
oxonol V with vesicles. (A) Dependence of the reciprocal 
relaxation time on vesicle concentration. [Oxonol V] = 75 nM. 
(B) Dependence of the reciprocal relaxation time on oxonol V 
concentrarion. [Vesicle] = 0.070 nM. The rectangular data 
points are derived from simulations where quenching is in- 
cluded, the triangular data points refer to simulations where 
quenching is neglected (fy = fi). The values of parameters, 

except for the concentrations, are as given in fig. 10. 

increases, producing a greater positive potential 
difference across the membrane interior and thus 
an acceleration of the initial rate of diffusion. 

For the second type of stopped-flow experi- 
ment in which the fluorescence response of the 
dye to a rapid change in membrane potential was 
investigated (see section 2.3), simulations were also 
carried out. In this case, the equilibrium values of 
Ng, r,, NA and Vi were first determined with 
U, = 0 using the procedure 1-4 above until no 
further change in their magnitudes was apparent. 
These values were then input as initial values, the 
voltage jump required was added to the value of 
Ui according to eq. 45, and the procedure 1-4 was 
once more carried out to give the simulated volt- 
age response. Experimental and simulated fluo- 
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Fig. 12. Voltage-jump stopped-flow traces. (Solid line) 
Stopped-flow experiment in which a suspension of vesicles 
equilibrated with oxonol V and valinomycin and in a buffer 
containing 2.5 mM K,SO, and 72.5 mM Na,SO, was mixed 
with a buffer containing 75 mM K,SO.,. The membrane poten- 
tial produced was 66 mV. Final concentrations were: [oxonol 
V] = 75 nM, [vesicle] = 0.14 nM, [valinomycin] = 16.5 nM. T= 
22OC, pH 7.2. (Dashed line) Computer simulation of a volt- 
age-jump fluorescence stopped-flow trace using eqs 26-34, 45 
and 46 as described in the text. Values of the parameters used 
are as given in fig. 10 except that U,,, = 66 mV. The simulated 
curve has been normalized to the fluorescence change of the 

experimental trace. 

rescent transients for voltage jump experiments 
are shown in fig. 12. In this case only a single 
kinetic process is observed, which is the redistribu- 
tion of dye over the membrane according to the 
new membrane potential. The binding of dye 
which occurs subsequent to diffusion is much fas- 
ter than the diffusion process and hence the bind- 
ing equilibrium is able to readjust almost instanta- 
neously on the time scale of diffusion. 

In order to obtain the best agreement between 
the experimental and simulated data, the most 
appropriate value for the diffusion rate constant, 
k,, of oxonol V in the absence of a potential 

difference across the membrane was determined to 
be: 

k O = 6 x 1O-4 s-’ 

The fact that this is significantly lower than previ- 
ously reported diffusion rate constants for oxonol 
V [9] is because these values refer to situations 
where a potential gradient across the membrane 

interior, caused by the dye itself, is present, which 
accelerates the rate of diffusion. 

6. Discussion 

The interaction of oxonol V and VI with lipid 
vesicles has been found to proceed via a two-step 
process involving the rapid binding of dye to the 
external lipid monolayer, followed by the slower 
diffusion of dye across the membrane to the inter- 
nal monolayer [9,21]. Here a kinetic model has 
been presented which successfully predicts the time 
course of the fluorescence change due to the dye- 
vesicle interaction as well as the response to a 
change in membrane potential. 

The first basic feature of the model is that it 
assumes the presence of saturable binding sites on 
both sides of the vesicle membrane. This has en- 
abled the dependence of the fluorescence change 
on the dye/lipid concentration ratio and the sign 
reversal of the fluorescence change at high 
dye/lipid ratios to be explained by a decrease in 
the fraction of isolated dye in the membrane and 
hence an increase in quenching as the occupation 
of binding sites increases. It has been suggested 
that the fluorescence quenching comes about via 
an inner filter effect due to the increase in local 
dye concentration in the lipid, however, a direct 
energy transfer between adjacent dye molecules 
and loss of energy via intersystem crossing and 
radiationless transitions is also possible. A similar 
mechanism of dye-membrane interaction involv- 
ing the occupation of binding sites has also been 
proposed by other authors for certain cationic 
dyes [26,27]. In these cases, however, the quench- 
ing has been attributed to the formation of mem- 
brane-bound dimers and a dimerisation constant 
in the membrane has been introduced. The model 
presented here does not require the assumption of 
a dimerisation constant, the degree of quenching 
being calculated from the ratio of the occupied 
and total numbers of binding sites and their coor- 
dination number, z (see eq. 21). It should be 
noted that for oxonol V and VI there is a signifi- 
cant degree of overlap between the absorbance 
and fluorescence spectra, and in ethanolic solution 
the fluorescence of oxonol V alone is only linear 
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up to a concentration of approx. 2 PM [28], Be- 
cause of the large association constant of the dye 
for the lipid, large local concentrations of dye in 
the lipid would be expected even with total dye 
concentrations in the nanomolar range, so that 
quenching due to an inner filter effect is most 
likely. 

The nature of the binding sites should briefly 
be discussed. In fact it is inconceivable that a 
synthetic lipid membrane should have pre-formed 
binding sites for oxonol dyes. The binding prob- 
ably proceeds with the dye pushing its way into 
the lipid bilayer with hydrophobic interactions as 
the driving force. Nevertheless, it seems that the 
vesicles are not able to accept an indefinite num- 
ber of dye molecules. The binding of a dye mole- 
cule to the lipid probably causes an expansion of 
the surface of the bilayer, and due to this process 
a limit may be reached where the binding of 
further dye molecules becomes thermodynamically 
unfavourable, so that the assumption of saturable 
binding sites provides the best mathematical de- 
scription of the dye-vesicle interaction. 

A second important feature of the kinetic model 
is that the rate constant for diffusion of dye 
between the outer and inner binding sites is de- 
pendent on the electrical potential gradient across 
the membrane interior, which is determined by the 
boundary potentials on both sides of the mem- 
brane and the membrane potential (see fig. 8). The 
degrees of occupation of the internal and external 
binding sites determine the magnitude of the 
boundary potentials and hence, in part, the rate 
constant for movement of dye across the mem- 
brane. The rate constant is then potential-depen- 
dent and, because the dye is charged, indirectly 
concentration-dependent. This explains the ob- 
servation previously reported [9] and mentioned in 
section 1, that oxonol V moved more slowly 
through the vesicle membrane in the voltage-jump 
experiments in comparison to the case when dye 
and vesicles were mixed in the absence of a mem- 
brane potential. For the experiments where dye 
and vesicles are mixed, as soon as a few dye 
molecules bind to the external binding sites a large 
potential difference builds up across the mem- 
brane interior which accelerates the movement of 
dye across to the internal binding sites. In the case 

of the voltage-jump experiments, however, there is 
initially already a significant degree of occupation 
of the internal binding sites, so that a much smaller 
potential difference across the membrane interior 
is produced by the movement of dye and hence a 
smaller rate constant is apparent. For oxonol VI 
no significant difference in the rate constant for 
the two types of experiments was observed [9]. 
This can be explained by a number of contrib- 
uting factors. Firstly, the lower association con- 
stant of oxonol VI in comparison to oxonol V 
results in a smaller concentration of membrane- 
bound dye, which would produce much lower 
boundary potentials and hence a much smaller 
effect of the dye on the diffusion rate constant. 
Another factor is that oxonol VI appears to be 
intrinsically more membrane permeable than 
oxonol V. Thus, as soon as a dye molecule binds it 
moves more rapidly through the membrane and 
less time is available for a potential difference 
across the interior of the membrane to develop. A 
third contributing factor is the value of (Y, which is 
partially a reflection of how deep inside the mem- 
brane the dye binds. Since, as seems to be the 
case, oxonol VI may not bind as far into the 
membrane as oxonol V, the potential difference 
between the two adsorption planes for given con- 
centrations of externally and internally bound dye 
will be reduced (see eq. 45) and thus the effect on 
the diffusion rate will also be less. 

Finally, it should be noted that the kinetic 
equations developed here to explain the fluores- 
cence stopped-flow kinetics of oxonol dye-vesicle 
interaction are of quite general application for the 
saturable binding and diffusion kinetics of small 
hydrophobic ions with lipid vesicles. 
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