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The interaction of the dyes oxonol V and oxonol VI with unilamellar dioleoylphosphatidylchohne vesicles was investigated using a 
fluorescence stopped-flow technique. On mixing with the vesicles, both dyes exhibit an increase in their fluorescence, which occurs in 
two phases. According to the dependence of the reciprocal relaxation time on vesicle concentration, the rapid phase appears to be due 
to a second-order binding of the dye to the lipid membrane, which is very close to being diffusion-controlled. The slow phase is 
almost independent of vesicle concentration, and it is suggested that this may be due to a change in dye conformation or position 
within the membrane, possibly diffusion across the membrane to the internal monolayer. The response times of the dyes to a rapid 
jump in the membrane potential has also been investigated. Oxonol VI was found to respond to the potential change in less than 1 s, 
whereas oxonol V required several minutes. This has been attributed to lower mobility of oxonol V within the lipid membrane. 

1. Introduction 

Voltage-sensitive dyes have been widely used 
for more than 10 years for measuring membrane 
potentials of cells, cell organelIes 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. A com- 
monly used calibration procedure is that devel- 
oped by Hoffman and Lark [6], in which a diffu- 
sion potential for K+ is generated in the presence 
of valinomycin and a K+ concentration gradient. 

The response times of various voltage-sensitive 
dyes to a change in membrane potential have been 
found to vary between less than microseconds and 
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seconds, and various mechanisms have been pro- 
posed to explain the dye response. In general, in 
order to produce a change in the dye absorbance 
or fluorescence spectrum, the change in membrane 
potential must cause a perturbation of the dye’s 
electronic system or a change in its chemical en- 
vironment. This may come about in various ways: 

(1) a potential dependent partition of the dye 
between the aqueous and lipid phases [8,11-15, 
17-191; 

(2) a change in dye orientation or position in 
the lipid membrane [10,11,17]; 

(3) a change in the degree of dye aggregation 
within the lipid membrane or in the aqueous solu- 
tion [7,8,10,11,16,17]; 

(4) a direct electrochromic effect, i.e., the elec- 
tric field created by the potential causes a dis- 
tortion of the dye’s electronic structure [9]. 

It is also possible that the response of a given 
dye results from a combination of two or more of 
these basic mechanisms. The degree to which each 
mechanism contributes to the magnitude of the 
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Fig. 1. Structures of oxonol V and VI. 

overall dye response may also depend on the 
conditions under which the experiment is per- 
formed, e.g., relative concentrations of dye to lipid, 
temperature, ionic strength, and pH. It is therefore 
important for accurate measurement of membrane 
potential that the calibration of dye response be 
carried out under identical experimental condi- 
tions. 

Oxonol dyes, such as oxonol V and VI, have 
been widely used as potential-sensitive dyes in 
membrane experiments. Oxonol V and VI (see fig. 
1) have a pK, near 4.2 [20] and are thus anionic at 
physiological pH values. They show relatively large 
variations in absorbance and fluorescence due to 
changes in membrane potential, and have been 
found to be particularly useful for measuring in- 
side-positive potentials [l&21,22,27]. They have 
been applied in studies with submitochondrial 
particles [12-14,20,23,26,28], lipid vesicles [13,18, 
20-22,24,30-33,35,36], mltochondria [20], bacte- 
rial chromatophores [25,35], bacterial spheroblasts 
[35], chromaffin granules [27], and animal cells 
[34,37,38]. When the dyes bind to the lipid mem- 
brane, red shifts of both the absorbance and fluo- 
rescence spectra are observed [14,18,20,24,27]. At 
low dye/lipid concentration ratios a fluorescence 
enhancement also occurs [14,18,20,27], which is 
probably due to the restricted motion of the dye 
molecule and its protection in the lipid phase from 
quenching agents. At increasing dye concentra- 
tions, however, the fluorescence enhancement di- 
minishes and, at high dye/lipid concentration 
ratios, fluorescence quenching may be observed 
[20]. This is probably due to the accumulation of 
dye within the lipid, leading to quenching by dye 
aggregation or through an inner filter effect [20,27]. 
It is generally believed that an inside-positive 
membrane potential leads to an increase in dye 
binding to the lipid, which causes a red shift of the 

absorbance spectrum [12,23,25] and either an in- 
crease or decrease in fluorescence [12,18,27], de- 
pending upon the relative dye/lipid concentra- 
tions. It should be noted that the red shift of the 
absorbance spectrum could itself lead to a de- 
crease in fluorescence due to a change in the 
optimum excitation wavelength; furthermore, in- 
creased overlap of the absorbance and fluores- 
cence spectra may give rise to increased self-reab- 
sorption. However, if the excitation wavelength is 
chosen so as to give maximum fluorescence of 
membrane-bound dye and the dye concentration 
is kept low, these effects seem not to be important. 

Oxonol dyes have also been used in the mea- 
surement of transient membrane potentials gener- 
ated by ion pumps [l&27-30,32,34,36]. In this 
case it is important that the dye response rate be 
much faster than the rate of change of the poten- 
tial. With this in mind, a kinetic investigation of 
the interaction of oxonol V and VI with lipid 
vesicles and their response to changes in mem- 
brane potential has been carried out. From a 
comparison of the kinetic properties of oxonol V 
and VI, information concerning the effect of dye 
structure on the response rate can be obtained. 

2. Materials and methods 

Dioleoylphosphatidylcholine was obtained from 
Avanti Polar Lipids (Birmingham, AL); oxonol 
V (bis(3-phenyl-S-oxoisooxazol-4-yl)pentamethine 
oxonol) and oxonol VI (bis(3_propyl+oxoisoox- 
azol-4-yl)pentamethine oxonol) were from Molec- 
ular Probes (Junction City, OR); valinomycin was 
from Boehringer-Mannheim. The purity of the 
dyes was checked by thin-layer chromatography 
and the results indicated only traces of degrada- 
tion products. Therefore, they were used without 
further purification. The phospholipid contents of 
vesicle suspensions were determined by use of the 
phospholipid B test from Wako (Osaka). All other 
reagents were obtained from Merck (analytical 
grade). Dialysis tubing was purchased from Serva 
(Heidelberg). 
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2.2. Vesicle preparation 

Lipid vesicles were prepared from synthetic 
dioleoylphosphatidylcholine according to a previ- 
ously described dialysis method producing uni- 
lamellar vesicles with an average outer diameter of 
72 nm and a narrow size distribution (half-width 
about 10 nm) [39&O]. All vesicle suspensions were 
prepared in buffer H (30 mM imidazole, 1 mM 
L-cysteine, 1 mM EDTA, 5 mM MgSO,) contain- 
ing various amounts of Na,SO, and K,SO,. The 
pH of the buffer was adjusted to 7.2 with H,SO,. 

age jump is produced. In these experiments a 
suspension of vesicles equilibrated with dye, 
valinomycin and buffer containing 2.5 mM K,SO, 
was mixed with an equal buffer volume containing 
75 mM K,SO,. In this way a diffusion potential 
for K+ of approx. 66 mV (inside positive) was 
generated within the mixing time. To prevent 
osmotic effects, the vesicles were prepared in buffer 
containing 72.5 mM Na,SO,, so that the total 
(KzSO_, + Na,SO,) concentration remained con- 
stant at 75 mM. The relaxation times obtained are 
the average from at least four transients. 

2.3. Stopped-flow measurements 2.4. Static fluorescence measurements 

Stopped-flow experiments were carried out 
using a stopped-flow unit (ZWS 11) of Sigma 
Instruments, Berlin, with fluorescence detection at 
right angles to the incident light beam. By the use 
of appropriate filters, the excitation wavelength 
was maintained at 580 ( f 5) nm and the emission 
was observed at wavelengths z 630 nm. The cur- 
rent signal of the photomultiplier was converted 
to voltage by a current-voltage converter (1 A = 
25000 V). The output signal of the converter was 
amplified 10 times and passed through an active 
low-pass filter (bandwidth 1 kHz). The voltage 
signal for each transient was then collected as 
3968 1Zbit data points using a Nicolet 4094A 
digital oscilloscope and stored on floppy disk. At 
the end of an experiment the data could be plotted 
on an X-Y recorder. The solutions in the drive 
and reservoir syringes were equilibrated to a tem- 
perature of 22°C prior to each experiment. The 
drive syringes were driven by compressed air. The 
mixing time of the stopped-flow unit was de- 
termined to be approx. 7 ms. 

Fluorescence measurements were carried out in 
a Perkin Elmer 650-40 fluorescence spectropho- 
tometer. The thermostatically controlled cuvette 
holder was equipped with a magnetic stirrer. The 
excitation wavelength was set to 580 nm (slit 
width 20 nm) and the emission wavelength to 660 
nm (slit width 20 nm). The oxonol V stock solu- 
tion contained 0.03 mM dye in ethanol. 1 ~1 of 
this solution was added to 1 ml of buffer in the 
cuvette to obtain a final (total) oxonol concentra- 
tion of 30 nM. 

The interaction of the dyes with phosphati- 
dylcholine vesicles in the absence of a membrane 
potential was investigated by mixing a dye solu- 
tion with an equal volume of vesicle suspension. 
Experiments were performed at varying dye/lipid 
concentration ratios. All solutions contained 75 
mM K2S04 to prevent any undesired osmotic 
effects. 

The cuvette was filled with 1 ml of buffer and 
equilibrated in the thermostatted cuvette holder to 
22” C. After measuring the background fluores- 
cence, oxonol V was added. Following the attain- 
ment of a constant fluorescence signal, an aliquot 
of the vesicle suspension was added. Fluorescence 
changes, AF, caused by additions of varying 
amounts of vesicle suspensions were determined 
as relative changes with respect to the fluorescence 
level, F,, prior to the addition; they were cor- 
rected for the small dilution effect which was 
determined separately by adding a known amount 
of buffer solution. 

3. Theory 

In order to investigate the response time of the 
dyes to a change in membrane potential, stopped- 
flow experiments were performed in which a volt- 

Consider a vesicle as being a supramolecule 
with an undefined (arbitrarily large) number of 
binding sites for dye. The ‘molecular weight’ of a 
vesicle is then given by 

(1) 
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where r0 and ri denote the external and internal 
radii of the vesicle, respectively, L Avogadro’s 
constant, and 5 the partial specific volume of lipid 
in the vesicle membrane [41]. Assuming a mem- 
brane thickness of 4 nm, mean values of r, and ri 
have been found to be 36 and 32 nm, respectively 
[39,40]. It is known that the vesicle radii follow a 
Gaussian distribution which causes an uncertainty 
in the value of M, and the number of lipid 
molecules per vesicle (401. The numbers given are 
valid for an average vesicle with the mean radius. 
The value of ij has been previously determined to 
be approx. 0.985 cm3 g-i [42,43]. Introducing 
these values into eq. 1 gives M, = 3.56 X 10’ g 
mol-i. The molecular weight of dioleoyl- 
phosphatidylcholine, M,, is 786.14 g mol-‘. Thus, 
the number of lipid molecules per vesicle, n, is 
(for the mean radius) given by 

n=s=45200 (2) 
I 

Accordingly, the molar vesicle concentration can 
then be directly calculated from the molar lipid 
concentration by dividing by 45 200. 

The binding of dye, D, to vesicles, V, can be 
represented by the following reaction scheme: 

D+VsDV 

D+DV$ D,V 
2k” 

D+D& DjV 
3k” 

. . . 

Implicit in these relations is the assumption 
that there are no interactions between the dye 
molecules in the lipid membrane, so that the dye 
association rate constant, k’, is identical for each 
step and the dissociation rate constant increases 
only by a statistical factor corresponding to the 
number of dye molecules in the vesicle. The total 
concentration of dye bound to the lipid, C&, and 
that of the vesicles, C$, are given by 

C& = c, + 2c01, + 3c,,, + . . . (3) 

C:=Cv+C,v+CD*“+CD~V+... (4) 

The overall rate of change of concentration of 
bound dye is, according to the reaction scheme 
above, 

dC& 
- = k’C&, + k’C,C,, + k’CDCD,V + . . . 

dt 

4 k"CD, + 2 k “CDzV + 3k “CD+ f . . . ) 
(5) 

Combination with eqs. 3 and 4 yields, 

dGv 
- = k’C,,C$ - k”C& 

dt 

NOW, according to the method of Schwarz 
[44,45], let us introduce the term 

C& r=q (7) 

which represents the ratio of bound dye to the 
total vesicle concentration_ Substituting for C& 
from eq. 7 in eq. 6 gives, 

dr - = k’c, - k “r 
dt (8) 

We now introduce the total dye concentration C;;: 

c;=c,+c;, (9) 

as well as the equilibrium constant for dye binding 
to the vesicle 

k’ Cl?, -_ K=k”- CD&; 

Combination of eqs. 7-10 then yields 

dr 
Ft= 

-(k’Cc + k”)(r-r) (11) 

02) 

F and c;;v designate the equilibrium values of r 
and C&,, respectively. 

In the stopped-flow experiments the binding of 
dye to the vesicles has been followed by monitor- 
ing the change in dye fluorescence. The fluores- 
cence, F, at time, I, can be defined by the follow- 
ing equation, 
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where nur and n, are the number of moles of dye 
in the aqueous and lipid phases, respectively, f, 
and f, being the corresponding values of fluores- 
cence per mole of dye. 

Eq. 13 may be rewritten introducing the total 
number, n = n, + nw, of dye molecules and ex- 
pressing n, by n, = IX& = VrC: (V, total volume 
of suspension); this yields: 

F= rvG(f, -f,) +.Ln (14) 

According to eq. 14 the rate of change of F and 
the equilibrium value F of P are given by: 

F-F= VC$(f, -f,)(r-7) (16) 

Combining eqs. 11, 15 and 16 then yields 

dF 
- = -(k’C,L+k”)(F-F) 
dt (17) 

Thus, it can be seen that the fluorescence signal 
should follow a single-exponential time function 
with a relaxation time, r, given by 

l/r= k’C$ + k” (18) 

A plot of the reciprocal relaxation time vs. the 
total vesicle concentration should yield a straight 
line, from which the rate constants k’ and k” can 
be determined from the slope and intercept, re- 
spectively. 

If only one of the rate constants, k’ or k”, can 
be accurately determined, the other can be indi- 
rectly calculated by using the value of the dye’s 
membrane-water partition coefficient, y, de- 
termined under equilibrium conditions, which is 
defined by 

n/V, 
y = n,/v, (19) 

where V, and V, denote the respective volumes of 
the lipid and water phases. On combination of 
eqs. 19 and 13, it can be shown that the fluores- 
cence of a dye-vesicle mixture is given by 

Titration of a dye solution with a vesicle sus- 
pension and fitting the experimental data ob- 
tained to eq. 20 enable one to determine y. If the 
volume of the lipid phase is much smaller than 
that of the water phase, which is normally the 
case, it can be assumed that VW is approximately 
equal to the total suspension volume, V. Under 
these conditions, by comparison of eqs. 10 and 19 
it can be shown that: 

KL&F (21) 

where v is the lipid volume per mole of vesicles, 
and is expressed as: 

V=L[$r(r,3-rf)] (22) 

Since for the vesicles used in this study, r0 and ri 
have been found to be 36 and 32 nm, respectively, 
v can be calculated to be 3.5 x lo4 dm3 mol-‘. 
Thus, k’, k” and y are related by the equation 

k’ = (3.5 x lo4 dm3 mol-‘)y 
k” (23) 

4. Results 

4.1. Determination of partition coefficients 

The membrane-water partition coefficient, y, of 
oxonol V has been determined by fluorescence 
titration of the dye with vesicles (as described in 
section 2) and fitting of the data to eq. 20. The 
value of y obtained from the fit was (5.9 f 0.2) X 
lo5 (see fig. 2). The identical procedure has previ- 
ously been carried out for oxonol VI [18], resulting 
in a value of y for oxonol VI of (1.9 10.1) X 104. 
Thus, oxonol V is significantly more lipophilic 
than oxonol VI, which perhaps reflects the less 
favourable hydration of the phenyl moieties of 
oxonol V in comparison to that of the propyl 
moieties of axon01 VI. 

4.2. Oxonol V-vesicle interaction 

When dye is rapidly mixed with vesicles in the 
stopped-flow apparatus, as described in section 2, 
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Fig. 2. Fluorescence intensity F of oxonol V at 660 nm 
(excitation wavelength 580 mn) as a function of lipid con- 
centration at a constant total dye concentration of 30 nM. F is 
referred to the intensity, F,, at zero lipid concentration. The 
continuous line represents a fit of the data to eq. 20. For 
comparison, the broken line shows the expected variation in 
fluorescence intensity of oxonol VI over this lipid concentra- 

tion [IS]. 

two relaxation processes are observed, both of 
which are characterized by an increase in fluores- 
cence (see fig. 3). The two processes are widely 
separated in terms of their time scales, the faster 
process occurring in the range of tens of millisec- 
onds and the slower in the range of tens of sec- 
onds. If the reciprocal relaxation time of the faster 
process is plotted vs. vesicle concentration (see fig. 
4A), one can see that a straight line is obtained, 
suggesting that the process being observed is due 
to the binding of dye to the vesicle membrane (cf. 
eq. 18). From the slope of the plot, the second- 
order rate constant for the binding step can be 
estimated as: 

k’= 1.18( kOo.05) x 1O’l M-Is-l 

which is similar to the rate constant for binding of 
the fluorescence indicator N-phenylnaphthyla- 
mine to lipid vesicles [46]. Theoretically, it should 
be possible to determine the rate constant, k”, for 
dissociation of dye from the membrane from the 
intercept of the plot. However, the value is too 
small to allow accurate determination from the 
experimental data. Nevertheless, k” can be indi- 
rectly estimated by using the previously de- 

termined value of the partition coefficient, y. On 
inspection of eq. 23 (see section 3), it can be seen 
that k” is given by 

k”= k’ 
3.5 X lo4 X y 

Thus, substituting the experimentally determined 
values of k’ and y into this equation, it can be 
found that, 

k” i= 5.7 s-’ 

0 0.2 06 
t lsec 

I 1 L J 
0 20 LO 60 

tlsec 

Fig. 3. Stopped-flow traces. (A) Oxonol V in buffer H contain- 
ing 75 mM K,SO, and vesicles in buffer H containing 75 mM 
KaSO, were mixed to final concentrations of 75 nM dye and 
0.14 nM vesicles (lipid concentration, 6.3 FM): T = 22 o C, pH 
7.2. (B) As in panel A, but over a longer time range. The fact 
that the final value of the fluorescence does not reach that of 
the pretrigger level is due to a small degree of electrical 
disturbance which arises from electrical control of the delivery 
of compressed air. This disturbance, however, is instantaneous 

and does not affect the time course of the transients. 
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The dependence of the reciprocal relaxation 
time of the faster process on dye concentration is 
depicted in fig. 4B. At low dye concentrations, the 
reciprocal relaxation time appears to be practi- 
cally independent of dye concentration, as ex- 
pected from section 3. At high dye concentrations 
(i.e., at dye/lipid concentration ratios 2 O.OS), 
however, there is a marked increase in the recipre 
cal relaxation time. Similar behaviour has previ- 
ously been reported by others for binding of 
oxonol VI to submitochondrial particles [12], of 
the dye diS-C,-(S) to a glycerylmonooleate disper- 
sion [13] and of merocyanine 540 to sub- 
mitochondrial particles [15]. These authors have 
suggested that this change in dye dependence is 
due to a breakdown in pseudo-first order condi- 
tions. This can be interpreted on the basis of the 
reaction scheme shown in section 3. Here, it was 
assumed that a vesicle possesses an indefinitely 
large number of dye-binding sites, such that it can 
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Fig. 4. Kinetic plots for the faster process of oxonol V. (A) 
Dependence of the reciprocal relaxation time on vesicle con- 
centration. (Oxonol v - 75 nM. (B) Dependence of the re- 
ciprocal relaxation time on oxonol V concentration. [Vesicle] = 

0.070 nM. 
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Fig. 5. Kinetic plots for the slower process of oxonol V. (A) 
Dependence of the reciprocal relaxation time on vesicle con- 
centration. [Oxonol V] = 75 nM. (B) Dependence of the re- 
ciprocal relaxation time on oxonol V concentration. (Vesicle] = 

0.070 nM. 

act as a sink for dye molecules. As one proceeds to 
higher dye concentrations, however, this assump- 
tion becomes invalid, and thus a dependence of 
the reciprocal relaxation time on dye concentra- 
tion would be expected. 

In the case of the slower relaxation process, the 
concentration dependences are very different (see 
fig. 5). It can be seen that at high vesicle con- 
centration and low dye concentrations, the re- 
ciprocal relaxation time is relatively insensitive to 
changes in the concentrations. If one proceeds to 
high dye/lipid concentration ratios, however (i.e., 
high dye concentrations at constant vesicle con- 
centration or low vesicle concentrations at con- 
stant dye concentration) a dramatic acceleration 
in the reaction rate is observed. This acceleration 
begins to manifest itself at dye/lipid concentra- 
tion ratios greater than approx. 0.015, correspond- 
ing to one dye molecule per 66 lipid molecules. 
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The origin of the slow phase is less clear in 
comparison. However, some possible mechanisms 
can be considered. A plausible explanation is that 
the vesicles possess two classes of binding sites 
with different association and dissociation rate 
constants. In this case, the reciprocal relaxation 
time of the slow phase should show a linear de- 
pendence on the vesicle concentration, as has been 
observed for the fast phase. Since such behaviour 
has not been found, a simple dye-vesicle binding 
reaction can be ruled out. A more likely explana- 
tion is that the slow phase is due to a change in 
dye conformation or position within the vesicle 
membrane. Such a reaction could result in a change 
in dye fluorescence simply due to the change in 
chemical environment of the dye or via coupling 
to the faster binding step. Thus, the following 
reaction scheme could be envisaged, 

D+V&&“V 
k-2 

(24) 

If the binding step is assumed to be always at 
equilibrium on the time scale of the second step, it 
can be shown that the concentration dependence 
of the reciprocal relaxation time of the second step 
is governed by the following equation: 

(25) 

At sufficiently high vesicle concentrations, such 
that K,C; + 1, eq. 25 reduces to 

1 
- = k, + k_, 
7 (26) 

Thus, at high vesicle concentrations this mecha- 
nism would predict a constant value of l/7, irre- 
spective of the dye or vesicle concentration, which 
is in fact in agreement with the experimental 
observations. At low vesicle concentrations, how- 
ever, such that K,C: 4 1, eq. 25 reduces to: 

1 
- = k,K,C$ + k_, 
7 (27) 

Thus, at low vesicle concentrations, a linear in- 
crease of l/7 with vesicle concentration would be 
expected. In actual fact, however, there is a de- 
crease in the value of l/7 to a limiting value as 

the vesicle concentration is increased (see fig. 5A). 
The increase in the value of l/r at high dye 
concentrations (see fig. 5B) is also not directly 
explicable in terms of this mechanism. A possible 
explanation, however, is that at high dye/lipid 
concentration ratios, variation in the values of k, 
and k_, occurs due to perturbation of the mem- 
brane structure as dye accumulates in the mem- 
brane. This is supported by recent measurements 
made by Fumero et al. [48], which showed effects 
of both oxonol V and VI on the thermal phase 
transition of suspensions of dimyristoylphospha- 
tidylcholine. That the slow phase is associated 
with movement of the dye within the vesicle mem- 
brane is suggested by the results of Bashford et al. 
[24], who found that the rate of the process is 
greatly diminished on increasing the membrane 
cholesterol content and that it disappears alto- 
gether when measurements are made below the 
gel-liquid crystalline phase transition temperature. 
Thus, a possibility is that the slow phase reflects 
dye diffusion across the membrane to the internal 
lipid monolayer, a process whose rate would be 
expected to depend on the structure of the dye 
and the membrane fluidity. 

If one extrapolates from the graphs to zero dye 
concentration (see fig. 5B) or infinite vesicle con- 
centration (see fig. 5A), where no effects due to 
dye accumulation would be expected, the apparent 
rate constant of the slow process, k,, can be 
estimated to be 

k, = 0.036( +0.004) s-’ 

This value is of the same order as membrane 
permeation rate constants measured for a number 
of hydrophobic fluorescent dyes [17,24,25,47]. 

If one proceeds to higher dye concentrations at 
constant vesicle concentration, at approx. 225 nM 
oxonol V a third relaxation process appears, which 
is characterized by a decrease in fluorescence (see 
fig. 6). With 225 nM oxonol V and 3.2 pM lipid in 
the buffer a dye/lipid concentration ratio of 0.07 
is obtained, corresponding to one dye molecule 
per 14 lipid molecules. The amplitude of the pro- 
cess increases rapidly as the dye concentration is 
increased further. The rate of this process is inter- 
mediate between those of the other two relaxa- 
tions previously mentioned. A likely explanation 
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Fig. 6. Stopped-flow experiment in which oxonol V in buffer H 
containing 75 mM K,SO, and vesicles in buffer H containing 
75 mM K,SO, were mixed to final concentrations of 250 nM 

dye and 0.07 nM vesicles; T = 22O C, pH 7.2. 

for this process is that it is due to the formation of 
dye aggregates of low fluorescence within the lipid 
membrane. This is consistent with the observation 
under equilibrium conditions that at high con- 
centrations of oxonol V a quenching of dye fluo- 
rescence occurs on binding to the vesicles [20,27]. 

4.3. Uxonol V response to membrane potential 

If a dye-vesicle mixture containing valinomycin 
in a low KC concentration buffer is rapidly mixed 
in the stopped-flow apparatus with a high K+ 
concentration buffer so as to produce an inside- 
positive membrane potential (as described in sec- 
tion 2), a slow relaxation characterized by an 
increase in fluorescence is observed (see fig. 7). 
The reciprocal relaxation time calculated for this 
process under the conditions shown in fig. 7 is: 

l/‘= 4.2( kO.5) x lo-’ s-i 

A control experiment was also performed in 
which a vesicle-dye-valinomycin mixture was 
mixed with a buffer of the same K+ concentration, 
so that no potential was produced. In this case, no 
change in dye fluorescence was observed. One 
might have expected a small decrease in fluores- 
cence due to dilution of the vesicle suspension and 
the consequent dissociation of some dye molecules 
from the vesicles. However, the partition coeffi- 
cient of the dye for the lipid phase is so high that 
the amount of dye which dissociates is too small 
to observe. 

tlsec 
Fig. 7. Stopped-flow experiments in which a suspension of 
vesicles equilibrated with oxonol V, and valinomycin, and in 
buffer H contaimng 2.5 mM K,SO, and 72.5 mM Na2S04 
was mixed with buffer H containing 75 mM K,SO,. The 
membrane potential produced was 66 mV. Final concentra- 
tions were: [oxonol V] = 75 nM, [vesicle] = 0.14 nM, 

[valinomycin] = 16.5 nM. T- 22”C, pH 7.2. 

4.4. Uxonol VI-vesicle interaction 

When oxonol VI is rapidly mixed with vesicles 
in the stopped-flow apparatus, two relaxation 
processes, both showing an increase in fluores- 
cence, are evident (see fig. 8), as has previously 
been found for oxonol V. In the case of oxonol 
VI, however, over the vesicle concentration range 
measured the relaxation time for the faster process 
was too close to the mixing time of the apparatus 
(which is approx. 7 ms) to permit accurate 
determination. It should be noted that for the 
experiments with oxonol VI, it was necessary to 

0.L - 

0 05 10 1.5 
tisec 

Fig. 8. Stopped-flow experiment in which oxonol VI in buffer 
H containing 75 mM K,SO, and vesicles in buffer H contain- 
ing 75 mM K,SO, were mixed to final concentrations of 75 

nM dye and 2.11 nM vesicles; T = 22” C, pH 7.2. 
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Fig. 9. Kinetic plots for the slower phase of oxonol VI. (A) 
Dependence of the reciprocal relaxation time on vesicle con- 
centration. [Oxonol VI] = 75 nM. (B) Dependence of the re- 
ciprocal relaxation time on oxonol VI concentration. [Vesicle] 

= 2.11 nM. 

use a higher vesicle concentration range than with 
oxonol V, because of the lower affinity of oxonol 
VI for the lipid membrane. Nevertheless, limits 
can be given for the rate constants of the dye 
association and dissociation reactions. Based on 
the apparatus mixing time, the dye-vesicle dissoci- 
ation rate constant is 

k” < 140 s-l. 

According to the membrane-water partition 
coefficient for oxonol VI of 1.9 x lo4 [18] and eq. 
23 (section 3), the association rate constant can be 
evaluated as 

k’ < 9.3 x 10” M-’ s-l. 

The rate of the slower process could be reliably 
measured as a function of vesicle and dye con- 
centration (see fig. 9). The reciprocal relaxation 
time was found to be independent of vesicle con- 

centration within the range of vesicle concentra- 
tions investigated, and at low dye concentrations 
the reciprocal relaxation time was also found to be 
insensitive to dye concentration. Thus, the be- 
haviour of oxonol VI is very similar to that previ- 
ously observed for oxonol V. Analogously to 
oxonol V, the slower process could be interpreted 
as being due to dye diffusion across the mem- 
brane. In the same way, the increase in reciprocal 
relaxation time at high dye concentrations (i.e., at 
dye/lipid concentration ratios 2 0.001) can be 
interpreted as being due to dye-induced perturba- 
tion of the membrane structure. From the plotted 
data the apparent rate constant of the slow pro- 
cess can be estimated as: 

k, = 3.6( f0.3) s-‘. 

4.5. Oxonol VI response to membrane potential 

If an experiment similar to that previously de- 
scribed for oxonol V is carried out, in which a 
potential of 66 mV is rapidly generated across the 
membrane, a single relaxation process char- 
acterized by an increase in fluorescence is ob- 
served (see fig. 10). The reciprocal relaxation time 
calculated for this process under the conditions 
given is: 

l/7 = 3.5( *0.1) s-l 

0 

AF 
Tm 
0.2 

t/set 
Fig. 10. Stopped-flow experiment in which a suspension of 
vesicles equilibrated with oxonol VI, and valinomycin, and in 
buffer H containing 2.5 mM K,SO, and 72.5 mM Na,SO, 
was mixed with buffer H containing 75 mM K,SO,. The 
membrane potential produced was 66 mV. FinaI concentra- 
tions were: [oxonol VI] = 75 nM, [vesicle] = 0.84 nM, 

[valinomycin] = 100 nM. T = 22O C, pH 7.2. 
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A control experiment was also performed in 
which a vesicle-dye-valinomycin mixture was 
mixed with a buffer of the same K+ concentration, 
so that no potential was produced. In this case a 
small decrease in fluorescence was observed, which 
is probably due to a small amount of dye leaving 
the lipid and redissolving in the aqueous medium 
as a result of the dilution of the dye-vesicle sus- 
pension. The reciprocal relaxation time of this 
process is approximately the same as that ob- 
served in the experiment in which a potential is 
produced, but the amplitude is approx. g-fold 
smaller. 

5. Discussion 

Both dyes have been found to interact with 
lipid vesicles via a two-step process. Based on the 
dependence of the reciprocal relaxation times on 
vesicle concentration, the two steps can be inter- 
preted as being due to rapid binding of the dye to 
the external lipid monolayer of the vesicle, fol- 
lowed by a slow change in the dye’s environment 
within the membrane, possibly due to diffusion 
across the membrane to the internal monolayer. 
The values of the various rate constants and parti- 
tion coefficients determined are listed in table 1. 

The rate constants for the binding step, k’, can 
now be compared to the theoretical diffusion-con- 
trolled values of the rate constant, calculated from 
the Smoluchowski equation [46]. Since the vesicles 
are much larger than the dye molecules, they can 
be considered as remaining stationary during the 
course of the reaction and their diffusion coeffi- 
cient may therefore be neglected. The radius of 
collision can also be considered to equal the ves- 

Table 1 

Oxonol v Oxonol VI 

Y 5.9(*0.2)x105 1.9(*0.1)x104 [18] 
k’ (M-’ s-‘) 1.18 (*0.05)X10" < 9.3x 10’0 
k” (s-l) 5.7 Cl40 
k, (s-‘1 3.6 (f0.4)X 10-Z 3.6 ( f 0.3) 
l/T (s-1) 4.2(&0.5)~10-~ 3.5 (*o.l) 
(voltage response) 

icle radius. Thus, the diffusion-controlled rate is 
given by 

k& = 4rLDr [24] (28) 

where D denotes the dye diffusion coefficient and 
r the vesicle radius. According to the calculations 
of Smith et al. [13], the diffusion coefficients of 
oxonol V and VI are equal to 6.4 X 10P6 and 
6.7 x 10m6 cm’ s-l, respectively. Using these 
values and an average vesicle radius of 36 nm, the 
theoretical diffusion-controlled rate constants k& 
for the two dyes are calculated to be 1.74 x 10” 
M-’ s-l (oxonol V) and 1.83 X 10” M-’ s-’ 
(oxonol VI). The difference between the values is 
due to the different diffusion coefficients which 
could be caused by a slightly smaller degree of 
friction between the oxonol VI molecule and the 
solvent compared to oxonol V. The kiitr is 
comparable with the experimentally determined 
values of k’ (see table 1). The small differences 
reveal that the dye-binding step for both dyes is 
very close to being diffusion-controlled. Thus, the 
lower affinity of oxonol VI for the lipid phase is 
probably predominantly due to a higher dissocia- 
tion rate constant. 

The observed rate constants for the binding 
step are also comparable to values previously ob- 
tained for similar systems. The interactions of 
oxonol V with azolectin vesicles [13,24] and chro- 
maffin granules [27] as well as those of oxonol VI 
with bacterial chromatophores [25] and submito- 
chondrial particles [12,13] have been investigated 
by others. The values of the association rate con- 
stant obtained therein lie within the range 106-10’ 
MI’ s-‘, i.e., much lower than the values reported 
in the present article. However, the method which 
has been used in order to obtain these values 
involves measuring the dependence of the ob- 
served reaction rate on dye concentration, and the 
dye concentrations used have been in the micro- 
molar range. At such high dye concentrations, 
perturbation of the membrane structure and dye 
aggregation in the membrane are likely to become 
apparent. Thus, the physical significance of these 
values is uncertain. The rate constants reported 
here for the binding step represent the values for 
the association of a single dye molecule to a single 
vesicle. Thus, it has been possible to compare the 
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results obtained directly with the theoretical diffu- 
sion-controlled values. This is one advantage of 
expressing the rate constant in terms of vesicle 
concentration rather than monomeric phospholi- 
pid concentration. In agreement with the results 
obtained here, binding of the fluorescent dye N- 
phenylnaphthylamine [46] as well as the peptide 
alamethicin [45] to phospholipid vesicles, has been 
found to be very close to diffusion-controlled. 

In the case of the second step of the dye-vesicle 
interaction, which has been interpreted as being a 
membrane-associated change in dye conformation 
or position, the measured first-order rate con- 
stants are in good agreement with values obtained 
for the slow phase of interaction of oxonol V with 
azolectin vesicles [24] and of oxonol VI with 
submitochondrial particles [12]. It has been found 
that the rate constant for oxonol VI is approx. 
100-fold greater than that of oxonol V. Thus, 
although oxonol V binds to the lipid membrane 
more strongly than does oxonol VI, it appears to 
have a lower mobility within the membrane. This 
may be partly due to the bulkier structure of the 
oxonol V dye molecule in comparison to oxonol 
VI. Another possibility is that, because of their 
differing structures, the two dyes take up different 
orientations in the lipid membrane, with that of 
oxonol V being less favourable for membrane 
permeation. 

The experiments in which a potential is 
produced across the membrane have also shown 
that oxonol V responds much more slowly to 
potential changes as compared to oxonol VI. The 
rates of response are consistent with the previ- 
ously proposed response mechanism, in which the 
increase in dye fluorescence is considered to arise 
from movement of the dye across the lipid mem- 
brane to the internal monolayer and because of 
the small intravesicular volume there is a net 
increase in the concentration of bound dye 
[l&22,25,36]. In the case of oxonol VI, there is a 
good correlation between the values of k, and l/7 
for the voltage response. For oxonol V, however, 
the value of l/7 is almost an order of magnitude 
smaller than k,, i.e., the dye appears to move 
more slowly within the membrane in the presence 
of an electrical potential difference. Other authors 
have observed an apparent decrease in the rate of 

association of oxonol dyes with chromaffin gan- 
ules [27] and mitochondrial particles [12] in the 
presence of an electrical potential. Smith and 
Chance [12] have suggested that a change in mem- 
brane surface potential or in intrinsic dye affinity 
for sites in the membrane might explain a lower 
dye-binding rate. In order to achieve a lower dye 
diffusion rate, the electrical potential must some- 
how alter the membrane structure or cause a 
change in the dye interaction with the lipid mole- 
cules. In the case of the dye merocyanine 540, it 
has been suggested [ll] that an electrical potential 
causes the production of an electric field which 
reorients the dye molecules in the membrane. Dye 
dimerisation within the lipid membrane has also 
been proposed [7,8,10,11,16,17]. If an electrical 
potential results in a new dye orientation which is 
less favourable for membrane permeation or in the 
production of dye dimers which have a lower 
mobility in the membrane, then a decrease in 
diffusion rate might be expected. An alternative 
explanation is that the electrical potential causes a 
change in membrane fluidity. Evidence for an 
increase in lipid microviscosity of vesicles on for- 
mation of a membrane potential has been pre- 
sented by Corda et al. [49], using the method of 
fluorescence depolarisation. At this stage, how- 
ever, a definitive description of the underlying 
cause of the difference in values of k, and l/7 for 
oxonol V cannot be given. 

Comparison of the response rates of the two 
dyes to a change in membrane potential shows 
that oxonol VI is much more suitable than oxonol 
V as a probe for monitoring rapid kinetic processes 
such as potential generation by ion pumps. 
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