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The effect of a number of commonly employed potential-sensitive molecular probes on the 31p-NMR 
properties of dimyristoylphosphatidylcholine vesicles at two field strengths has been investigated in order to 
obtain information on the location and effect of these probes on the membrane bilayer. In comparison to the 
control dye-free vesicle spectrum, the probes diS-C3-(5 ) and diS-C4-(5), when added to a vesicle suspension, 
cause a substantial broadening of the 31p resonance with no detectable chemical shift within an uncertainty 
of +0.05 ppm at 24 MHz. The spin-lattice and spin-spin relaxation times are also reduced when the 
cyanines are present by well over 20% relative to those of the control vesicle preparation. The addition of 
anionic probes, including several oxonol derivatives and merocyanine 540, causes no chemical shift, line 
broadening, or changes in the relaxation times. Possible explanations for the failure of the anionic probes to 
alter the vesicle 31p.NMR properties include charge repulsion between these dyes and the phosphate.group 
that prevents the probes from penetrating the bilayer to a depth sufficient to alter the local motion of the 
phosphate moiety. The 31 p resonance broadening and reduction in the relaxation times caused by the two 
cyanines is at least in part due to an increase in vesicle size as judged by electron microscopy measurements, 
although an inhibition of the local phosphate motion as well cannot be completely eliminated. The 
cyanine.mediated increase in vesicle size appears to be due to an irreversible vesicle-fusion process possibly 
initiated by the screening of surface charge by these probes. The implications of these observations in 
relation to functional energy-transducing preparations is discussed. 

Introduction 

A number of dyes belonging to the polyene 
class (oxonols, merocyanines, rhodamines and 

Abbreviations: DMPC, dimyristoylphosphatidylcholine; 
DMPG, dimyristoylphosphatidylglycerol; Hepes, 4-(2-hy- 
droxyethyl)- 1-piperazineethanesulfonic acid. 
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cyanines) have proved capable of functioning as 
optical indicators of charge separation in a large 
number of biological preparations ranging from 
phospholipid vesicles across which diffusion 
potentials are established, black lipid membranes 
[1-4], mitochondrial and related respiring pre- 
parations [5-11], erythrocytes [12-15], and several 
applications to excitable tissues such as the giant 
axon from the squid Loligo peali [16-20], per- 
fused heart tissue [21-23] and the exposed cerebral 
cortex of the rat and gerbil [24-26]. Reviews 

0005-2736/87/$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 



dealing with the application of potential-sensitive 
molecular probes to a variety of biological systems 
have appeared [1,27-31]. In many cases, the poly- 
ene probes can be calibrated for quantitative mea- 
surements of membrane potentials; the time-course 
of the probe optical signal and the mechanisms 
responsible for it are, in many instances, at least 
partially understood. 

Since, in contrast to intrinsic indicators of 
charge separation such as the carotenoids that are 
present in chloroplast membranes [32-36], molec- 
ular probes such as the polyenes must be added to 
the preparation of interest; the questions of the 
effect on the membrane and the location that the 
probes assume in the membrane are of consider- 
able importance. The location of such probes in 
part determines the nature of charge separation 
processes that they can sense, i.e., surface poten- 
tials, intramembrane or localized potentials [37], 
or transmembrane potential differences [38]. For 
example, in sarcoplasmic reticulum vesicles under 
conditions of massive Ca 2+ flux across the mem- 
brane, a substantial portion of the optical signal 
for several oxonol, cyanine, and merocyanine 
probes is due to changes in the membrane surface 
potential and, furthermore, the portion of the 
signal due to surface potential alterations is not 
readily distinguishable from that due to trans- 
membrane charge gradients, the former contribu- 
tion to the optical signal apparently arising from 
probe sites at or near the membrane /bu lk  phase 
interface region [39,40]. The location of charge 
shift electrochromic extrinsic probes [3] in a bi- 
layer membrane is particularly critical, since these 
indicators can respond only to that portion of an 
electrical potential difference that falls across the 
molecular dimension of the probe. Malpress [41] 
has recently developed a theoretical model in which 
a surface potential derived from point surface 
charges intimately associated with electron car- 
riers is the effective intermediate in mitochondrial 
energy transduction. Kell [42] has proposed that 
the effective charge gradient in the mitochondrial 
energy coupling scheme falls essentially across the 
unstirred layer adjacent to the mitochondrial inner 
membrane. Kinally et al. [43] have suggested that 
substrate-induced spectral changes of cyanine and 
carbocyanine probes in mitochondria suspensions 
are due to alterations in the membrane surface 
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Fig. 1. The structure of the molecular probes employed in this 
investigation. Since the hydroxyl proton of the oxonols has a 
pK a of approx. 4, the dyes exist virtually exclusively as anions 
under the conditions of the investigations described herein. 
Merocyanine 540 and diS-C,-(5) were obtained as the sodium 
and iodide salts, respectively. 

potential; Tedeschi [44] has also discussed this 
issue in a review. Laris et al. [45], however, have 
used one of these type probes diS-C3-(5), in mea- 
suring the membrane potential in hamster liver 
mitochondria and have obtained a value similar to 
that from independent techniques such as per- 
meant ion distribution. 

In order to gain insight into the effect on the 
membrane and the location of potential-sensitive 
probes in the membrane bilayer on which many of 
the preceding issues depend, the effect of a num- 
ber of commonly employed probes on the 3~p_ 
N MR spectrum and relaxation times in a well-de- 
fined model membrane system consisting of 
vesicles formed from dimyristoylphosphatidylcho- 
line (DMPC) has been investigated. Corollary work 
using electron microscopy is also reported. The 
structures of the probes employed in this series of 
investigations are given in Fig. 1. 

Materials and Methods 

Synthetic L-a-dimyristoylphosphatidylcholine 
(over 99% pure) was purchased from Avanti Polar 
Lipids, Birmingham, AL. Merocyanine 540 was 
purchased from the Eastman Kodak Co. and used 
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without further purification; diS-C3-(5 ) and diS- 
C4-(5 ) were the generous gift of Prof. A. Waggoner 
or supplied by Molecular Probes, and oxonols V 
and VI were synthesized according to the proce- 
dures given by Smith et al. [46]. Oxonol X was the 
gift of Dr. R. Haugland, Molecular Probes. Hepes 
and EDTA were purchased from the Sigma Chem- 
ical Co. St. Louis, MO, and reagent-grade KC1 
was supplied by the Fisher Scientific Co. 

Vesicle preparation 
Vesicles were prepared according to a modifica- 

tion of the procedure of Suurkuusk et al. [47]. The 
lipid was suspended in a medium consisting of 160 
mM KC1/0.1 mM EDTA/and 10 mM Na-Hepes 
(pH 7.5) or in 160 mM KC1 only at pH 6.5 at 10 
mg/ml  and sonicated under nitrogen at approx. 
50 W power using a Heat Systems Ultrasonic Cell 
Disruptor "(40% duty cycle) for 60 min with a 0.5 
inch probe at 35°C, well above the gel phase 
transition temperature of this lipid. The suspen- 
sion was centrifuged at 130000 × g for 40 rain 
and the supernatant was retained. The maximum 
volume which could be effectively sonicated was 
10 to 12 ml, which yielded 8 to 10 ml. The quality 
of the vesicle preparation was routinely monitored 
using electron microscopy; see below. The pre- 
ceding procedure produces vesicles of approx. 300 
A diameter with a high degree of uniformity. 
Depending on sonication power, however, some 
variation in vesicle size was noted between pre- 
parations, but each preparation was itself uniform 
in vesicle diameter. Vesicle suspensions were stored 
in an oven at 40°C. An investigation using elec- 
tron microscopy indicated that, although subtle 
changes in the vesicle morphology occurred within 
48 h, these alterations were not detectable in the 
3~p-NMR spectrum until nearly 4 days after the 
vesicles were prepared, at which time gross aggre- 
gation of the vesicles occurred. Except for studies 
on the changes induced by diS-C3-(5) over time, 
all work, both control measurements and those 
with various dyes present, was completed before 
the approximate 4 day time limit of each prepara- 
tion. Lipid concentrations were derived from 
phosphate determinations using a colorometric 
procedure [48]. 

Since the DMPC sonication times employed 
were lengthy, vesicles were also prepared using a 

Carver Laboratory Press fitted with a 1 inch diam- 
eter AMINCO pressure cell according to the 
method of Hamilton and Guo [49]. The total 
vesicle preparation time using the latter method 
was nominally 10 min; this procedure involves 
subjecting the lipids to one pass through the press 
assembly at pressures of 5000 and 10 000 lb/inch 2 
and two passes at 20 000 lb/ inch 2. The probability 
of vesicle fusion-inducing agents being produced 
during the latter vesicle preparation procedure 
was thus substantially reduced. The starting 
DMPC material as well as the vesicles prepared by 
both the French press and sonication methods 
were subjected to thin-layer chromatography 
analyses with iodine development at 23°C using 
the following solvent mixtures (v/v): 80% chlo- 
roform/20% methanol/l% NH4OH; 80% chlo- 
roform/20% methanol/ l% acetic acid; 80% 
acetone/20% methanol/1% NH4OH; 80% 
acetone/20% methanol/l% acetic acid. In all 
cases where DMPC alone was used, a single band 
was observed, indicating the absence of degrada- 
tion products originating from the preparative 
procedures. As a test of the sensitivity of the 
thin-layer chromatography methodology, the 
DMPC material was doped with dimyristoylphos- 
phatidylglycerol (DMPG) prior to vesicle prepara- 
tion. The presence of the added component could 
be readily detected as a second band on the Kodak 
13179 silica-gel thin-layer chromatography plate 
to a limit of 1 • 10-3 mole ratio DMPG/DMPC. 

Although precautions were taken to prevent 
artifacts due to paramagnetic impurities in the 
vesicle NMR work by using EDTA in the media, 
additional controls for paramagnetic species were 
performed using EPR spectroscopy. Spectra of the 
DMPC vesicles alone, in the presence of both 
diS-C3-(5 ) and diS-C4-(5), as well as of these dyes 
in ethanol solution at nominally 1 mM concentra- 
tion over a g value range of 1.5 to 8 at 23°C and 
with samples frozen were obtained using an IBM/ 
Brooker ER 200 spectrometer. No EPR signal was 
observed in any of these control experiments at 
the limit of the instrument sensitivity. As a test of 
the sensitivity of this method, the spectra of Mn 2 ÷ 
solutions were recorded; an EPR signal from sam- 
ples as low as 1/xM in Mn 2÷ could be detected. 

The effect of diS-C3-(5 ) and diS-C4-(5 ) on 
vesicles prepared by the French press procedure 



was virtually identical to that on vesicles prepared 
by the sonication procedure. The data contained 
in the following sections were obtained using 
vesicles prepared by sonication. 

Electron microscopy 
Vesicles were prepared for transmission elec- 

tron microscopy as follows: a drop of the lipo- 
some suspension was placed on a carbon-stabi- 
lized formvar coated 300-mesh copper grid and 

Fig. 2. Typical electron micrograph of the dimyristoylphospha- 
tidylcholine (DMPC) vesicles stained on a carbon coated for- 
mvar grid with 1% uranyl acetate. A JEOL JEM-100CX II 
transmission electron microscope operating at 95000 × mag- 
nification was used to obtain the micrograph illustrated in this 
figure. The scale bars are 1000 h,. (a) Dye-free vesicles, (b) 
diS-Cs-(5)-to-lipid mole ratio is 0.05. 
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allowed to sediment for 1 min. Excess fluid was 
drawn off with filter paper. A drop of 1% (w/v)  
uranyl acetate was then applied and allowed to 
stain the liposomes for 1 min. The grids were 
examined in a JEOL 100CX-II transmission elec- 
tron microscope operating at 60 kV. Size distribu- 
tion histograms were constructed from manual 
vesicle diameter measurements using vesicle 
suspension electron micrographs taken at 27 000 × 
or 95 000 × magnification similar to that shown in 
Fig. 2 with the aid of a magnifying glass equipped 
with an integral fluorescence light. A minimum of 
200 measurements were used in the construction 
of each histogram. 

Potential-sensitive dyes were added in solid 
form to portions of the stock vesicle suspension 
and the mixture stirred in an oven at 40°C for 5 
to 8 hours before use, except for the electron 
microscope studies of the time dependence of the 
diS-C3-(5 ) effect on vesicles, for which the first 
micrographs were taken after just 2 h. This proce- 
dure allowed substantial amounts of dye to be 
bound to the membrane without altering the 
solvent composition. Experimental conditions are 
given in figure captions and tables. 

N M R  measurements 

31p-NMR studies were carried out at 40°C 
using JEOL FX60 and GX270 series spectrome- 
ters operating at 24.15 and 109.25 MHz, respec- 
tively, with broad-band proton decoupling. For 
linewidth and chemical shift measurements, an 
external trimethylphosphate reference was em- 
ployed. For relaxation time investigations, the ref- 
erence was removed from the sample in order to 
increase the effective sample concentration and 
shorten the time required for the T 1 and T 2 mea- 
surements. The inversion recovery method and the 
CPMG pulse sequence were respectively used for 
the T 1 and T 2 determinations. In both the chem- 
ical shift and linewidth as well as the relaxation 
time work, a control was run on the vesicle sample 
prior to acquiring data in the presence of the 
several probes employed in this investigation. In 
the case of the diS-C3-(5 ) and diS-C4-(5 ) dyes, a 
second control was run after the Sip spectrum was 
obtained in the presence of these probes to dem- 
onstrate that the broadening effect of the dyes was 
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Fig. 3. Typical data obtained using optical spectroscopy. (A) A 
dilution jump record obtained by the procedures described in 
Materials and Methods, The solid line is obtained from the fit 
of the data to a single expoential function; the dots are 
experimental data points. A large deflection due to the injec- 
tion of the diS-C3-(5 ) vesicle mixture into the optical path of 
the instrument developed during the time of flow; this spike 
has been deleted from the record in order to obtain a more 
expanded scale with which to plot the dye dissociation time- 
course. The dilution jump work was carried out at 40 (_+ 1)o C, 
the same temperature used in the NMR measurements. The 

not  due to aging of  the vesicle suspension.  Fur the r  
evidence for the s tabi l i ty  of this p repa ra t ion  is the 
relat ive invar iance  of the T 2 values and  the elec- 
t ron  microscope  h i s tograms  of  cont ro l  samples  in 
the studies fol lowing the t ime-course  of the diS- 
C3-(5) effect. Because of  the volume of sample  
requi red  for N M R  spect roscopy,  three separa te  
p r epa ra t i ons  of D M P C  vesicles were requi red  for 
these T 2 exper iments .  The  t i t ra t ion  of  D M P C  
vesicles with diS-C3-(5), mon i to red  by  31p T2 at 
109 MHz,  was pe r fo rmed  by  d iv id ing  one vesicle 
p r e p a r a t i o n  in half  and  mixing increments  of dye 
into  one half, while the T 2 of the o ther  half  was 
measured .  

Measurements  based on optical spectroscopy 
Opt ica l  abso rp t ion  spec t ra  of  the dyes em- 

p loyed  in these inves t igat ions  were ob ta ined  using 
a Johnson  F o u n d a t i o n  DBS-3 scanning  double-  
b e a m  spect rometer .  This  ins t rument  as well as the 
MB2 spec t romete r  employed  in the d i lu t ion  j u m p  
p rocedu re  to be  descr ibed  subsequent ly  opera te  on 
the dua l -wave length  pr inciple ,  which essent ial ly  
e l iminates  ar t i facts  due to l ight scat ter ing f rom 
tu rb id  samples.  The  associa t ion  of  the p robes  with 
the  D M P C  vesicles was accompan ied  by  a red 
shift  of  the abso rp t ion  spect rum,  Figs.  3 B - D .  This  
s ignal  was used in de te rmin ing  b ind ing  cons tan ts  
charac te r iz ing  the in te rac t ion  of  the p robes  with 
the vesicle p r e p a r a t i o n  [50]. A two-s tep  p rocedure  
is requi red  to ob ta in  bo th  the m a x i m u m  number  
of  b ind ing  sites, n, and  the d issocia t ion  constant ,  
Kr).  A fixed a m o u n t  of  dye  is t i t ra ted  with al iquots  

MB2 spectrometer was calibrated such that 8 mV (one divi- 
sion) on the ordinate corresponds to z~ A = 0.0016. The optical 
signal was monitored at the 604-640 nm wavelength pair. The 
MB2 spectrometer RC time constant was 60 ms. Concentra- 
tions were 83/~M diS-C3-(5 ) and 10.8 mM DMPC. The spectra 
shown in (B)-(D) are respectively for merocyanine 540, diS- 
C3-(5 ), and oxonol V; in each case trace (1) is the spectrum of 
the free dye and trace (2) is that of the dye in the presence of 
the lipid vesicles. The absorption spectrum of the other oxonols 
and diS-C4-(5 ) also red-shifted upon addition of the vesicle 
preparation to the free dye solution. The spectra were obtained 
in 160 mM KCl at pH 6.5, one of the two media used in the 
vesicle formation procedure and the NMR measurements. The 
reference wavelength was 750 nm. Concentrations are (B) 1.5 
~M merocyanine 540, 35 #M DMPC; (C) 3.7 #M diS-C3-(5), 
400/~M DMPC; (D) 7.3 #M oxonol V, 69 pM DMPC. 



of a stock vesicle suspension and the binding 
followed by monitoring the differential ab- 
sorbance signal that results from the red shift of 
the dye absorption spectrum at a preselected 
wavelength pair. An enhancement factor, e, is 
obtained from the ratio Pi/Po where Pi is the 
absorbance change resulting from the several ad- 
ditions of the vesicle stock suspension aliquots 
and P0 is the initial dye signal in the absence of 
the vesicles. Under the assumption that a single 
class of noninteracting binding sites exists, these 
data are expected to obey the relationship 

e -  1 = e b - 1- -  ( K D / / n ) ( e b  -- 1 ) f r o  (1) 

where m is the vesicle concentration and e b is the 
limiting enhancement factor at infinite vesicle 
concentration where all dye is bound. A plot of 
e -  1 vs. ( e -  1)/m produces a straight line, the 
slope of which gives --KD/n and the intercept 
e b - 1 .  The second step involves a titration of a 
fixed amount of vesicle membrane with aliquots 
from a stock dye solution; an enhancement factor 
e is constructed from the ratio of the absorbance 
signal resulting from the addition of a given quan- 
tity of dye to membrane to that corresponding to 
the same quantity of free probe. The ratio (e - 1 ) /  
(e b --1)  is the fraction of bound dye. Since the 
total amount of probe and vesicle lipid present as 
well as the sample volume are known, it is possible 
to obtain the free probe concentration [A] and the 
amount of dye bound per unit weight of lipid, o. 
The latter data were then fitted to the Langmuir 
adsorption isotherm 

1 
o = ~-~D I , -  o][hL=o (2) 

or this equation plus a constant using a general 
nonlinear regression routine [51,52]. The subscript 
x = 0 indicates that the appropriate free dye con- 
centration is that at the aqueous phase /membrane  
interface. In the analyses used herein, it was as- 
sumed that this concentration was the same as the 
bulk free dye concentration. 

The same data used in the Langmuir isotherm 
analysis were also fitted to the Scatchard equation 
using the direct linear method [53,54]. In this 
procedure, K D and n are obtained from the inter- 
cepts in parameter space generated by pairs of line 
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segments drawn through points ( - o  i, 0), (0, [A]i) 
and ( -  9 ,  0), (0, [A]j). For N experimental points 
there are maximum of 1 /2  N ( N - 1 )  intersec- 
tions. A routine was written to generate these 
intersection values. Any intersections corre- 
sponding to negative values of K o or n were 
rejected in these calculations since they are not 
physically significant. In this analysis, the best-fit 
values of K o and n are obtained from the median 
value of the several intersections. A sort routine 
was used to obtain these values of the binding 
parameters. The direct liner approach assumes 
only that the errors in n and K o are as likely to 
be positive as negative; no assumptions concern- 
ing a normal distribution of errors or a knowledge 
of experimental-point weighting factors that are 
required in rigorous least-squares analyses are 
needed in this case. 

Both of the cyanine dyes bind to glass; there- 
fore, acrylic coated cuvettes were used in the 
diS-C3-(5 ) binding studies. However, diS-C4-(5 ) 
appears to bind even to acrylic; no cuvette could 
be found which did not bind this dye. We were 
thus unable to determine binding data for it. 

Measurements of the rate of diS-C3-(5 ) dissoci- 
ation from the DMPC vesicles were performed 
using a dilution jump procedure [55]. A Johnson 
Foundation model E rapid mixing device fitted to 
a Johnson Foundation model MB2 spinning disk 
(filter) spectrometer was employed in these mea- 
surements. A dye-vesicle mixture at equilibrium 
was loaded into the minor syringe of the rapid- 
mixing device. After ascertaining that no air bub- 
bles were present, the contents of the minor syringe 
were discharged into 160 mM KCI from the major 
syringe. Since the volume ratio of the major to the 
minor syringe is 80 : 1, the equilibrium 

dye  + ves ic le  ~ c o m p l e x  

is shifted toward the unassociated form of the dye. 
The dissociation of the dye from the vesicles was 
followed at 604-640 nm by observing the reversal 
of the absorption spectrum red shift that occurs 
when the dye associates with the vesicle prepara- 
tion; see Fig. 3C. The time-resolved data were 
acquired, stored, and analyzed by an OLIS 3820 
data acquisition system. A typical record is il- 
lustrated in Fig. 3A. 
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Results 

Measurements based on optical spectroscopy 
The interaction of the several probes employed 

in these investigations with the DMPC vesicles 
could be adequately described using a model based 
on a single class of noninteracting binding sites. 
The fit of the data for diS-C3-(5 ) and oxonol VI as 
well as that for merocyanine 540 and oxonol V to 
the Langmuir adsorption isotherm (Eqn. 2) are 
shown in Figs. 4A and B, respectively. The bind- 
ing constant values obtained from nonlinear re- 
gression and direct linear analyses, described in 
Materials and Methods, are summarized in Table 
I, and are in good agreement, indicating that these 
values are not dependent on the method of data 
analysis. Experimental conditions are given in the 
figure legends and tables. 

Oxonol V binds to DMPC vesicles with a larger 
capacity and lower K o than does oxonol VI. This 
difference is readily explained on the basis of the 
isoxazolone ring substituents, which are phenyl 
and propyl groups, respectively. These groups serve 
as 'anchors '  in the interaction of the oxonols with 
the bilayer, the strength of the interaction increas- 
ing as the hydrophobicity of the side-chain in- 
creases [56]. Relatively fewer binding sites appear 
to be available to merocyanine 540, possibly be- 
cause of charge repulsion due to the localized 
negative charge on the sulfonate group, but the 
probe binds considerably more strongly to the 
membrane sites, as judged by the lower K D value, 
than do the oxonols, possibly because of the two 
butyl groups present on one end of the ring sys- 
tem of this probe. DiS-C3-(5 ) has a capacity simi- 
lar to that of oxonol V but binds to these sites less 
strongly than does the oxonol. 

Inoestigations based on N M R  spectroscopy 
A typical 31P-NMR spectrum of a phospholipid 

vesicle suspension is illustrated in Fig. 5A with no 
dye present. Essentially the same spectra were 
obtained from D M P C  vesicles in either of the two 
media previously described under either control 
conditions or with probe added. The spectrum is 
rather sharp and is quite similar to that reported 
[57] for dioleoylphosphatidylcholine vesicles of 500 

diameter. The 3Xp resonance is known to be a 
composite one consisting of signals from phos- 
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Fig. 4. The fit of probe-DMPC binding data obtained as 
described in Materials and Methods to the Langmuir adsorp- 
tion isotherm, Eqn. 2, or this equation plus a constant. In each 
part of this figure, the solid line is obtained from the nonlinear 
regression procedure and the several plotting symbols are 
experimental data points. Data were collected at 40°C using a 
medium consisting of 160 mM KC1/O.IO mM EDTA/10 mM 
Na-Hepes (pH 7A). The absorbance measurements for titra- 
tions with oxonol V, oxonol VI, merocyanine 540, and diS-C a- 
(5) were respectively performed at the following wavelength 
pairs: 630-670 nm; 635-665 nm, 550-650 nm and 675-715 
nm. (A) +, diS-C3-(5); C), oxonol VI. (B) +. oxonol V. ©. 
merocyanine 540. (Free dye concentration in /~M.) 

phates in both the inner and outer leaflet of the 
bilayer [58]; in some preparations, a partial resolu- 
tion of these components could be realized as 
indicated by a small splitting near the signal maxi- 
mum. The resonance could be readily separated 
into two well-resolved signals by rare-earth ions 
such as Gd 3+. In the presence of any of the 
extrinsic potential-sensitive probes employed in 
the investigations performed at 24 MHz, a single 
composite resonance was observed. This is con- 



TABLE I 

SUMMARY OF BINDING CONSTANTS CHARACTERIZING THE INTERACTION OF POTENTIAL-SENSITIVE MOLEC- 
ULAR PROBES WITH DMPC VESICLES 

The values given for n and K D are averages _+ S.E. Medium: 160 mM KC1/0.1 mM EDTA/10  mM Na-Hepes (pH 7.4). 
Temperature: 40°C. The absorbance measurements for experiments with oxonol V, oxonol VI, merocyanine 540, and diS-C3-(5 ) 
were, respectively, performed at the following wavelength pairs: 630-670, 635-665, 550-650 and 675-715 nm. 

Probe Non-linear regression analysis Direct linear analysis 

n (nmol d y e /  K D n (nmol d y e /  K D 
mg lipid) (it M) mg lipid) (/~ M) 

Oxonol V 1 100-4-100 3.1 _ 0.26 1065 ± 190 3.1 
OxonolVI  401± 75 6.5 _+0.36 397_+ 68 6.1 +0.6 
Merocyanine 540 307__+ 18 0.69±0.10 313+ 12 0.62 
diS-C3-(5 ) 924± 103 9.3 _+0.66 847_+130 8.4 _+0.67 
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Fig. 5. The 3]p-NMR spectrum of dimyristoylphosphatidylcholine vesicles in 160 mM KCI (pH 6.5) at 40°C  at 24.15 MHz with 
complete proton decoupling. Approximately 5000 scans were obtained with 8K data points, a 4 s acquisition time, 8 s pulse delay, 
and a 0.5 Hz broadening factor. Trace (A) is the vesicle preparation with no dye present; trace (B) is the same preparation with 500 
#M diS-C3-(5 ) present. Traces (C) were obtained with 1K data points over a 100 Hz span and thus have 0.098 Hz resolution. The 
dashed line is the spectra obtained in the presence of 500 gM merocyanine 540, whereas the solid line is the control, dye-free vesicle 
spectrum. Note that the scale in (C) is expanded 10 times relative to that in (A) and (B). Lipid concentration was 8 mM. Chemical 
shifts were measured relative to an external trimethylphosphate reference. Essentially the same results as those above were also 
obtained when the NMR measurements were performed using the alternative medium described in Materials and Methods. 
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TABLE II 

SUMAMRY OF 3~p CHEMICAL SHIFT AND RELAXATION TIMES IN DIMYRISTOYLPHOSPHATIDYLCHOLINE 
VESICLES 

Abbreviations: DMPC, dimyristoylphosphatidylcholine; OX-V, oxonol V; OX-VI, oxonol VI: OX-X, oxonol X; M540, merocyanine 
540. Samples used for T 1 measurements were prepared in 160 mM KCI. Samples used for T~ measurements were prepared i nl60 
mM KC1/0.10 mM EDTA/10 mM Na-Hepes (pH 7.4). 10% by volume 2H20 was added after the preparative procedure. In all 
experiments, the dye was added as a solid to vesicle suspensions and stirred 8 to 12 h before NMR measurements were started. With 
the exception of the measurements using diS-C4-(5 ), all of the T values reported were obtained from the same preparation. Because 
of the time limit over which the stability of the vesicles was considered acceptable, the T 2 measurement with diS-C4-(5 ), labeled with 
*, was performed on a separate vesicle preparation. In the T 2 measurements, a quantity of probes necessary to achieve 140 nmol 
bound dye/mg DMPL was added. The superscripted letters indicated the elapsed time, in hours, following the preparative procedure 
completion at which the T 2 measurements were begun: (a) zero; (b) 10; 9c) 20; (d) 30: (e) 40: (f) 50; (g) 60. The DMPC concentration 
in the T 1 measurements was nominally 8 mM. Temperature: 40°C. 

Sample o (ppm) T 1 (s) Control o (ppm) T l (s) 

DMPC + 122/x M OX-V - 4.054 1.55 DMPC only - 4.044 1.62 
DMPC + 500/xM M540 - 4.024 1.65 DMPC only - 4.044 1.85 
DMPC+ 250/zM OX-X - 4.024 1.53 DMPC only - 4.064 1.66 
DMPC + 500/xM diS-C3-(5) - 4.054 1.23 DMPC only - 4.064 1.55 

Sample T 2 (ms) Control T 2 (ms) 

DMPC q-460/~M diS-Ca-(5 ) - 64.9 g DMPC only - 79.4 ~ (80.9 c) 
DMPC+460/~M M540 - 80.4 d DMPC only 79.4 ~ ~0.9 ~) 
DMPC+480 ,uM OX-VI - 79.7 f DMPC only - 79,4 a (80.9 ~) 
DMPC + 470/,~M OX-V - 83.3 b (78,7 ~) DMPC only - 79.4 a (80.9 e) 
DMPC + 460 v,M diS-C4-(5) * - 49.0 DMPC only - 88.1 

sistent with optical studies referenced below which 
indicate that the probe exchange rate with the 
l ipid should fall under  the fast-exchange limit 
case. However, in  light of the small resonance 
frequency difference for lipids on the inside versus 
lipids on the outside layer of small bilayer vesicles, 
it is likely that if the probes induce a frequency 
shift, it is small. The D M P C  vesicle system was 

also investigated at 109 MHz  using either dye-free 
samples or vesicles in  the presence of the diS-C3-(5 ) 
cationic probe that broadens  the 311# spectrum. 

Al though the potent ia l  resolut ion is markedly in- 

creased when the operat ing frequency is increased 
to 109 MHz, the chemical shift anisotropy factor, 

that  increases as the field strength squared, will 
tend to b roaden  the 31p-NMR spectrum and to 
obscure any possible separat ion that may be ob- 
ta ined between the phosphate  moieties existing in 
the free form and  those associated with diS-C3-(5 ). 
The preceding observat ions are thus consistent  
with a prepara t ion  procedure that results in small 
single bi layer vesicles. 

The effect of adding the widely employed 
cyanine  probe  d iS -C : (5 )  to a vesicle suspension is 

to substant ia l ly  b roaden  the 31p spectrum as il- 

lustrated in Fig. 5B, the dye, however, does not  
alter the chemical shift within an uncer ta in ty  o f  

4-0.05 ppm (Table II). The cyanine diS-Ca-(5 ) had 
very similar effects on the 311# resonance proper- 

ties. In  contrast  to the effect of diS-C3-(5) on the 
31p vesicle spectrum, oxonols V, VI and X (the 

t -butyl  derivative) as well as merocyanine  540 
when added to the vesicle suspensions later neither 

the chemical shift nor  the l inewidth of the spec- 
trum. Fig. 5C contains  a typical result i l lustrating 
that at 0.098 Hz resolution, the vesicle 31p-NMR 

spectrum obta ined with merocyanine  540 present  
(the dashed line) is virtually superimposable on 
that of the control vesicle sample on a scale ex- 
panded  10-times relative to that of parts (A) and 
(B). These observations suggest a max imum dye- 
induced chemical shift of roughly 0.01 ppm, well 
below the reproducibil i ty limit of these measure- 
ments.  Results using the anionic  probes are also 
summarized in Table  II. 

Relaxation time measurements 
Both the spin-lattice and spin-spin relaxation 
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Fig. 6. The percentage decrease in the 31p T2 relaxation time as 
a function of the diS-C3-(5)/DMPC mol ratio. The measure- 
ments were carried out at 109 MHz (6.34 tesla) using a JEOL 
GX series spectrometer to reduce the time requried for each T e 
measurement. 5 h were required for each T 2 measurement. The 
medium used was 160 mM KC1/0.10 mM EDTA/10  mM 
Na-Hepes (pH 7.4), at 40°C;  2K data points and a 400 Hz 
span were employed in these investigations. Proton decoupling 
was gated to reduce sample heating; decoupling was on only 
during data acquisition (no nuclear enhancement). 400 acquisi- 
tions were taken for each spectra; each point in the plot is a 
relaxation time from six such spectra. 

times of  control  vesicle suspensions were reduced 
by 20% or more  by the presence of  either diS-Ca-(5 ) 
or  diS-C4-(5); results are summarized in Table II. 
For  both  T 1 and T 2 measurements,  the semilog 
plots of  the signal amplitudes vs. time were linear 
with minimal variance values, indicating that a 
single effective relaxation time is being measured. 
The  magni tude of the diS-C3-(5)-dependent di- 
minut ion of the 3tp T2 value increased as the 
dye-to-lipid concentra t ion ratio was incremented 
until the effect was saturated. A typical plot  is 
illustrated in Fig. 6. Results f rom monitor ing the 
change in 31p T2 values with time at various 
dye-to-lipid mole ratios are summarized in Fig. 7. 
Clearly even at the lowest mole ratio used, 0.93.  
10 -2, diS-C3-(5) does affect the phosphate  reso- 
nance. At  high concentra t ion the maximum T 2 
reduct ion is reached more  rapidly. 

In contrast  to the effect of  diS-C3-(5 ), there was 
no detectable alteration of  the 31p spin-lattice or 
spin-spin relaxation time by the anionic oxonols 
or merocyanine 540 within the n o m i n a l l y +  5% 
uncertainty of  these measurements.  

The difference between the readily observed 
broadening effect of  the cyanine dyes and the 
reduct ion in the 31p T1 and T 2 relaxation time 
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Fig. 7. Representative data from three separate vesicle prepara- 
tions of the change in 31p T2 relaxation time as a function of 
time at various diS-C3-(5)-DMPC mole ratios. The measure- 
ments were carried out at 24.15 MHz (1.41 tesla) using a JEOL 
FX spectrometer in 160 mM KC1/0.10 mM EDTA/10 mM 
Na-Hepes (pH 7.4) at 40°C. Six spectra with 400 scans each 
with a span of 100 Hz, 1K data points and complete proton 
decoupling, requiring 7.5 h, were used for each T 2 determina- 
tion. Dye-containing samples were mixed for approx. 8 h 
before the first T 2 measurement was initiated, after which they 
were not stirred further. Dye-free control samples are repre- 
sented by + and dye containing samples by ©. Dye-to-lipid 
mole ratios are 0.93.10 -2, 1,8.10 -2 and 4.5-10 -2 for parts A, 
B and C, respectively. 

values by these probes and the lack of  a measura-  
ble effect on  the 31p_NMR properties by the several 
anionic probes employed in these investigations 
has been explored under  a number  of  different 
conditions. Since the binding constants  char- 
acterizing the interaction of  the probes with the 
D M P C  vesicles have been determined, it has been 
possible to calculate the dye-to-lipid concentra t ion 
ratio at which the same quant i ty  of  d y e / m g  lipid 
is bound.  In  this case, a value of  o, Eqn. 2, was 
selected that was less than the smallest value of  n, 
the maximum number  of  binding sites available to 
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the probes. Under the preceding conditions, no 
effect on the 3tp resonance properties caused by 
any of the anionic probes could be detected, 
whereas an increase in the resonance linewidth 
and reduction of the 31p T1 and T 2 values could 
be readily observed in the presence of the cyanines. 
The difference in the effect of the anionic and 
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Fig. 8. The effect of potential-sensitive molecular probes on the 
DMPC vesicle size distribution. In each experiment 140 nmol 
dye per mg lipid were bound. Vesicles were formed at 40 o C in 
a medium consisting of 160 mM KCI/0.1 mM EDTA/and 10 
mM Na-Hepes (pH 7.4) as described in Materials and Meth- 
ods. Dye was added in solid form and stirred with the vesicles 
for 12 h at 40°C before the electron micrographs from which 
the histograms were derived were taken. DiS-C3-(5) causes a 
marked shift of the DMPC histogram to larger vesicle diame- 
ters. The percentage of available sites occupied was 13, 15 and 
46 for oxonol V, diS-C3-(5) and M-540, respectively. 

cationic probes on the 31p-NMR resonance thus 
cannot be ascribed to variations in the amount of 
dye bound. Since n is substantially larger for 
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Fig. 9. The effect of the addition of dye-free DMPC vesicles on 
the vesicle size histogram obtained when diS-C3-(5 ) was pre- 
sent. Part (A) is the control histogram; in (B), diS-C3-(5 ) was 
added such that a dye-DMPC mole ratio of 0.06 resulted, and 
mixed for 12 h. In (C), dye-free vesicles were added to reduce 
the dye-DMPC mole ratio to 0.02, and mixed for 12 h. The 
histogram in (C) becomes distinctly bimodal. The lower curve 
depicts the contribution to the population of the region be- 
tween 315 ]k and 630 ,~ from the dye-free DMPC based on the 
height of the peak at 315 A in (C) and the shape of the 
distribution in (A). The upper curve depicts the sum of the 
lower curve and contribution from the vesicles a,ggregated by 
dye; estimated from the height of the peak at 630 A in (C) and 
the shape of the distribution in (B). The vesicles were formed 
and the dye added as described in the caption to Fig.- 8. 



oxonol V and diS-C3-(5), the percentage of availa- 
ble sites occupied by these probes was not as high 
as was the case for oxonol VI and merocyanine 
540 in the preceding experiments. Dye-to-lipid 
mole ratios of 0.28 and 0.32 were required to raise 
diS-C3-(5 ) and oxonol V, respectively, to 40% oc- 
cupancy, the percentage reached by the other dyes 
in the preceding experiment. At ratios this high, 
the dyes are a major constituent of the system. 
Electron micrographs of systems prepared with 
these ratios do not reveal recognizable bilayers. 

Electron microscopy 

Typical electron micrographs of a vesicle sus- 
pension are shown in Fig. 2. The diameter of the 
majority of the vesicles in the control sample falls 
in the 250 .~ to 350 ,~ range with a maximum in 
the size distribution histogram near 300 ,~; Fig. 8 
contains histograms of the size distribution of a 
single vesicle preparation in the presence of several 
probes. An inspection of this figure indicates that 
the anionic dyes have little if any effect on the 
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control histogram, whereas diS-C3-(5 ) markedly 
shifts the histogram to larger-diameter values. The 
maximum in the histogram characterizing the 
vesicles in the presence of the latter probe is 
approximately twice that of the control. The effect 
of diS-C4-(5 ) on size distribution is very similar. 

In Fig. 9, the effect on the diS-C3-(5 ) - shifted 
histogram caused by supplementing the dye - 
vesicle system *with additional dye-free vesicles 
from the same preparation is shown. :it is readily 
apparent that the histogram is bimodal and that 
the position of the original maximum in the size 
distribution histogram when the probe is present 
is not affected by the presence of the dye-free 
vesicles; the maximum in the histogram at the 
smaller diameter values corresponds to that of the 
control. By these criteria, the diS-C3-(5 ) effect on 
the vesicle size is irreversible. Also apparent in 
Fig. 9 is a shift in the population distribution 
toward larger vesicles. There are more vesicles in 
the range from 370 ,~ to 475 ,~ than ,.expected 
based on the shapes of the distributions in Fig. 9A 
and B and the height of the maxima in Fig. 9C. 
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Fig. 10. The change in vesicle size distribution as a function of time at various diS-C3-(5)-to-lipid mole ratios. Mole ratios are given 
for each sample in the left-most column. Histograms of the same sample are arranged into rows with the elapsed time after dye 
addition listed across the top. Vesicles were formed at 4 0 ° C  in medium consisting of 160 m M  KC1/0.1 m M  E D T A / 1 0  m M  
Na-Hepes  (pH 7,4) as described in Materials and Methods. Dye was added in solid form and stirred for just  2 h before the first 
micrographs were taken, and an additional 6 h before the second set of micrographs were taken, after which stirring was ceased. All 
samples were kept at 4 0 ° C  at all times. (a) Lipids had aggregated completely; virtually no vesicles remain. 



148 

Furthermore, attributing the portion of the verti- 
cal lines in the range from 370 A to 475 ,~ above 
the upper curve to the dye-free DMPC added, 
when the actual volume of bilayer is considered 
(assuming spherical bilayer vesicles for all sizes 
above 210 ,~ and micelles for 210 ,~ and below), 
the ratio of small vesicles to large vesicles is unity. 
The actual ratio mixed was 2. Thus the shift to 
aggregated vesicles is greater than is apparent. 

Histograms showing the change in vesicle size 
with time at various diS-C3-(5)-to-lipid mole ratios 
are contained in Fig. 10. Obvious changes are seen 
at ratios of 0.051 and 0.035. Changes in the con- 
trol after 5 days prevent meaningful interpreta- 
tions of results after more than 4 days when some 
probable change is seen at a ratio of 0.021. No 
discernible change is seen at a ratio of 0.008. 

Discussion 

Theoretical treatments indicate that the phos- 
phate group rotational diffusion tensor can be 
considered to consist of a parallel component that 
reflects the composite internal motion of this 
group, and a perpendicular component that is due 
to the tumbling of the entire vesicle [57,59]. The 
observations derived from the NMR investiga- 
tions using the several potential-sensitive probes 
will be considered within the framework of the 
preceding theoretical model. With respect to the 
internal motion of the phosphate moiety, among 
the possible explanations for the marked dif- 
ference in the effect of the anionic probes and the 
cationic cyanines on the 31p resonance in DMPC 
vesicle preparations is that, although under the 
prevailing experimental conditions the lipid 
headgroup is zwitterionic and bears no net charge, 
the phosphate moiety is expected to possess a 
negative charge that is balanced by that on the 
quaternary amino group. Since the oxonols and 
merocyanine 540 are anions, charge repulsion may 
prevent these probes from penetrating the bilayer 
to a depth sufficient for the motion of the phos- 
phate group to be impeded by these probes, 
whereas the cationic cyanines are not subject to 
exclusion from the immediate vicinity of the phos- 
phate group due to charge repulsion and may be 
able to reduce further the already restricted mo- 
tion of this group. The lack of a measurable 

chemical shift change when the cyanine is present, 
however, requires a minimal perturbation of the 
local field experienced by the phosphorus species. 

An additional contributing factor to the effect 
of the cyanine probes on the DMPC vesicle 31p 
resonance properties is that the dye is causing an 
increase in the vesicle size. The global tumbling 
rate of the vesicles will be governed by the rota- 
tional diffusion coefficient. For a spherical par- 
ticle in a medium with constant viscosity coeffi- 
cient and temperature, this coefficient is inversely 
proportional to the particle radius cubed [60]. An 
increase in vesicle size caused by diS-C3-(5 ) would 
then be expected to reduce the tumbling rate of 
the vesicles, which in turn governs the perpendicu- 
lar component of the phosphate rotational term 
[57,59], 

In view of a possible dye-induced increase in 
DMPC vesicle size, a series of investigations based 
on electron microscopy were performed on the 
same samples that were used in the NMR mea- 
surements. The results summarized in Fig. 8 indi- 
cate that the anionic probes have little or no effect 
on the vesicle size distribution histograms, whereas 
diS-C3-(5 ) and diS-C4-(5 ) markedly shift the histo- 
gram to larger diameter values. These observations 
suggest that a cyanine-probe-induced increase in 
vesicle size is occurring and is responsible at least 
in part for the increase in the 31p resonance lin- 
ewidth in the DMPC vesicle system. The possibil- 
ity of additional contributions from an imped- 
iment of the internal phosphate group motion by 
this probe as previously described, however, can- 
not be eliminated. The marginally greater sensiti- 
ivty of the 31p T2 relaxation time to the presence 
of the cyanine relative to that of the T 1 value 
(Table II), however, suggests that the increase in 
vesicle size is the larger contributor to the mecha- 
nism(s) responsible for the altered vesicle 31p_ 
N M R  properties. 

Since the vesicle size is increased by the pres- 
ence of diS-C3-(5), the question of the process(es) 
responsible for the enlargement of the vesicles 
arises. Among the possibilities are (1) a swelling of 
the vesicles and (2) a probe-induced fusion of two 
or more DMPC vesicles. In an effort to dis- 
tinguish between the preceding two possibilities, 
the following experiment was performed. The T 2 
relaxation time and electron micrographs of con- 



trol vesicles suspensions and the same data on the 
vesicles in the presence of diS-C3-(5) were ob- 
tained. A quantity of dye-free vesicles sufficient to 
increase the amount of lipid present by a factor of 
3 was then added to the DMPC-diS-C3-(5 ) system. 
As shown in Fig. 9, the size distribution histogram 
becomes bimodal, with the maxima corresponding 
to that of the control vesicle diameter and that 
due to the diS-C3-(5) effect. Since the latter ad- 
dition of dye-free vesicles was performed under 
conditions in which virtually all of the diS-C3-(5 ) 
was bound to the vesicles previously added, the 
bound dye is at high chemical potential after the 
addition of the dye-free vesicles and would be 
expected to redistribute to these vesicles and reach 
a new equilibrium state corresponding to a re- 
duced dye-to-vesicle lipid concentration ratio. Un- 
der these conditions, a reversible swelling of the 
vesicles caused by diS-C3-(5 ) would be expected to 
be diminished at the reduced dye-to-lipid con- 
centration ratio, resulting in a unimodal histogram 
with a maximum at a diameter intermediate be- 
tween that of the control vesicles and those origi- 
nally stained with diS-C3-(5 ). The latter effects on 
the size distribution hisotgram upon addition of 
dye-free vesicles to the diS-C3-(5)-DMPC system 
are clearly not observed, suggesting that the dye- 
induced increment in the vesicle size is not reversi- 
ble by the addition of a dye-free aliquot of the 
same preparation. 

It should be emphasized that the bimodal ves- 
icle size distribution histogram does not imply 
slow dye-vesicle exchange but slow vesicle fusion, 
since the electron microscope technique is directly 
sensitive to the vesicle size but clearly not to 
exchange phenomena. A fusion process would be 
expected to be essentially irreversible; once 
formed, the larger vesicles would have little tend- 
ency to revert to multiple smaller vesicles, even 
after the dye in part dissociates from the bilayer 
membrane. The fusion of similar vesicles would 
not be expected to alter the local field at the 
phosphate site and thus is consistent with the 
observed line broadening and reduction in relaxa- 
tion times without a change in the 31p chemical 
shift upon addition of diS-C3-(5 ) or diS-C4-(5 ). 

The T 2 relaxation time of the control DMPC 
vesicle preparation was decreased by nominally 
25% when diS-C3-(5 ) was added and increased by 
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approx. 4% when a dye-free vesicle aliquot was 
supplied that results in the bimodal size distribu- 
tion histogram previously described. The small 
increase in the T 2 value (that is likely a weighted 
average of the dye-free and dye-associated 31p T2 
relaxation times) upon addition of dye-free vesicles 
is consistent with the shift in population toward 
larger vesicles seen in Fig. 9C, and both indicate 
that if there is a threshold dye-to-lipid mole ratio 
below which dye induced fusion of vesicles does 
not occur, it is less than 0.02, the ratio in Fig. 9C. 
Again, the possibility that the cyanine probes are 
also perturbing the phosphate group locally can 
not be ruled out. 

In terms of a cyanine-induced vesicle fusion 
model, the monotonic decrease in the T 2 relaxa- 
tion time value as the dye-to-lipid concentration 
ratio is increased (Fig. 6) can be explained by 
postulating that progressively larger vesicles are 
formed as the amount of dye present is increased, 
with a concomitant decrease in the T 2 value. Or, 
the apparent dye-to-DMPC mole ratio depen- 
dence of T 2 may be caused by such a dependence 
of the rate of vesicle fusion. Either process would 
produce T 2 diminution until overall vesicle tum- 
bling was not significantly slowed by further fu- 
sion, and T 2 would exhibit saturation behavior as 
experimentally observed. The rate of diS-C3-(5 ) 
induced change is dependent on dye concentration 
as can be seen in Figs. 7 and 10. In the latter 
figure, a vesicle diameter of nominally 630 .~ is 
reached within 8 h and 48 h at dye-to-lipid mole 
ratios of 0.051 and 0.035, respectively. The kinetic 
model is thus favored. 

It can be seen in the electron microscope re- 
suits, Fig. 10, that at high dye concentration, 
aggregation continues until virtually all vesicles 
are in the aggregated form while T 2 values reach a 
minimum relatively quickly (Fig. 7). The rate of 
vesicle fusion below the mole ratios of 2 • 10-2 can 
not be detected by electron microscopy, yet 31p T2 
values, even at the lowest dye concentrations 
studied, 0 .93.10 -2 , show dye-induced diminu- 
tion. This may result from a greater sensitivity of 
N M R  to vesicle aggregation, or from other 
perturbations such as dye-induced restriction of 
internal motion. An additional contribution to 
relaxation may also arise from rapid dye exchange 
between sites at or near the vesicle lipid phosphate 
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groups and the aqueous phase. Such a process 
would also produce an apparently single relaxa- 
tion time that would be the weighted average of 
that appropriate for dye-free and dye-perturbed 
phosphate moieties, the contribution of the dye- 
associated phosphates increasing as the dye-to- 
lipid concentration ratio is incremented. 

The preceding interpretation based on the data 
contained in Figs. 6-10 is heavily dependent on a 
new equilibrium state being achieved after the 
addition of the dye-free vesicle material within a 
time period that is small compared to that in 
which the N M R  measurements and electron mi- 
croscopy were performed. The rate at which the 
new state is reached after the addition of the 
dye-free vesicles will likely be governed by the 
dissociation rate of the probe from the vesicles. 
The association rate is expected to be fast 
compared to the former process because the dye- 
membrane association is expected to follow a sec- 
ond-order rate law, the apparent first-order rate of 
which will be controlled by the local dye 
concentration, which is likely to be quite high in 
these experiments, since large quantities of solid 
dye, 60 to 500 jaM, were added to the vesicle 
suspensions. 

The assoication rate of diS-C3-(5 ) with similar 
phospholipid vesicles has been measured as 1 - 107 
M-1 (dye). s - t  by Smith et al. [8]. Assuming that 
the dye concentration is 60/~M, near the solubility 
limit in an aqueous medium, the second-order rate 
constant previously cited predicts an apparent 
first-order rate constant of 600 s-  x or a half-time 
of approx. 1 ms. An inspection of Fig. 3(A) indi- 
cates that the dye dissociation process has a half- 
time of nominally 10 s, whereas the N M R  and 
electron microscope work was performed on a 
time-scale of hours. That the diS-C3-(5) has not 
redistributed to the originally dye-free vesicles and 
a new equilibrium established prior to the electron 
microscopy and N M R  measurements thus appears 
to be unlikely. 

An additional facet of the dissociation kinetics 
data contained in Fig. 3A is that no faster phase 
signal could be observed in these measurements. 
In practice, the o n / o f f  exchange from the vesicles 
is likely to be much faster than suggested by these 
data; such processes operating on a microsecond 
scale in work with diS-C3-(5 ) and related probes in 

black lipid membranes have been detected [1]. 
Events occurring on a microsecond time-scale are 
not detectable using rapid mixing techniques and 
even those significantly slower would tend to be 
masked in the dilution jump work because of the 
initial absorbance change due to the injection of 
the dye-vesicle mixture into the light-path of the 
spectrometer, especially if such processes gave rise 
to a low-amplitude signal. See Materials and 
Methods and the caption to Fig. 3A for the details 
of the dilution jump procedure and associated 
limitations. The comparatively slowly developing 
signal detected in these measurements is probably 
due to the permeation of the bilayer by diS-C3-(5 ) 
that is inside the DMPC vesicles and that would 
be at a high chemical potential relative to that of 
dye in the bulk aqueous phase after the dilution 
jump. In this model, the bilayer permeation process 
would then be followed by the rapid dissociation 
of this portion of the vesicle-associated probe to 
the bulk aqueous phase, a process that is likely to 
be too fast for detection by the dilution jump 
technique as previously discussed. This probe is 
known to cross black lipid membranes [1,61] and 
to permeate the mitochondrial inner membrane 
when an electrical potential gradient is present 
[10]. 

A number of other probes appear to behave in 
a similar manner to diS-C3-(5 ) in that they also 
permeate membrane bilayers. The permeation of 
phospholipid vesicles by oxonol V is manifested 
by a slow phase in the dye-membrane association 
time-course profile; the accumulation of the dye 
in the internal volume of the vesicles can be 
demonstrated by chromatographic separation pro- 
cedures [55]. 

Although the conditions employed in the inves- 
tigations of the probe-DMPC vesicle interactions 
described herein differ from those normally em- 
ployed in functional biological preparations in 
that significantly lower dye-to-membrane concen- 
tration ratios are normally employed in the latter 
preparations, the model system work is relevant to 
functional systems for several reasons. DiS-C3-(5) 
and a number of structurally similar probes re- 
spond to the formation of an electrical potential 
difference by distributing across the membrane 
according to the Nernst or Goldman-Katz equa- 
tion [10-13]. Such a redistribution can lead to the 



deve lopmen t  of  high local  concen t ra t ion  of  the 
p robes  c o m p a r a b l e  to that  emp loyed  in work  with 
the D M P C  vesicles. High  p robe  concen t ra t ions  
can  also exist  in the uns t i r red  layer  near  the 
m e m b r a n e  surface because  of the presence of 
s ignif icant  surface charge dens i ty  [1,27,62]; the 
presence  of  these p robes  at  high local concent ra -  
t ion could  lead to the neut ra l iza t ion  of  m e m b r a n e  
surface  charge  and  thus tend to p r o m o t e  mem-  
b r a n e  fusion. A n  add i t iona l  re levant  observa t ion  
is tha t  the 31p T2 value is a mono ton i c  funct ion of  
the  diS-C3-(5 ) to D M P C  concen t ra t ion  ra t io  (Fig. 
6). There  appea r s  to be no  threshold  p robe  
concen t ra t ion  at  which the dye - induced  T 2. reduc-  
t ion begins  to develop,  a l though there is a signifi-  
can t  concen t ra t ion  ra t io  range over  which the T 2 
could  not  be measured  with suff icient  accuracy  to 
d i s t inguish  with s ta t is t ical  s ignif icance any dye  
effect  on this re laxa t ion  t ime f rom that  of  the 
con t ro l  dye-f ree  vesicles. The  poss ib i l i ty  remains ,  
however ,  that  a t endency  of  diS-C3-(5) to p r o m o t e  
a p p a r e n t  m e m b r a n e  fusion in func t iona l  systems 
m a y  thus be  presen t  at s igni f icant ly  lower dye- to-  
m e m b r a n e  concen t ra t ion  ra t ios  than those em- 
p loyed  in the inves t igat ions  descr ibed  in this 
communica t ion .  
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