J. Membrane Biol. 92, 171-182 (1986)

The Journal of

Membrane Biology

© Springer-Verlag New York Inc. 1986

Potential-Sensitive Response Mechanism of DiS-C;-(5) in Biological Membranes

G. Cabrini and A.S. Verkman

Department of Medicine and Division of Nephrology, Cardiovascular Research Institute, University of California,

San Francisco, California 94143

Summary. The potential-sensitive response mechanism of 3,3'-
dipropylthiodicarbocyanine iodide (diS-Cs:-(5)) was examined
based on our previous model of diS-Cs-(5) interaction with brush
border membrane vesicles (BBMYV) in the absence of a mem-
brane potential. The model contained binding (6 msec), reorien-
tation (30 msec), dimerization (<10 nsec), and translocation (1
sec) reaction steps (Cabrini & Verkman, 1986. J. Membrane
Biol. 90:163—175). Transmembrane potentials () were induced
in BBMV by K~ gradients and valinomycin. Steady-state diS-Cs-
(5) fluorescence (excitation 622 nm, emission 670 nm) increased
linearly with ¢. The reorientation and translocation reaction
steps were resolved by the stopped-flow technique as a biex-
ponential decrease in fluorescence following mixture of diS-Cs-
(5) with BBMV at varying ¢. The fractional amplitude of the
faster exponential increased from 0.36 to 0.73 with increasing i
(—17 to 87 mV); the time constant for the faster exponential (30—
35 msec) was independent of iy, There were single exponential
kinetics (0.5-1.5 sec) for diS-C;-(5) fluorescence response to a
rapid (<2 msec) change in ¢ in the absence of a diS-Cs-(5) con-
centration gradient. These results, and similar findings in placen-
tal brush border vesicles, red cell vesicles, and phosphatidylcho-
line vesicles, support a translocation mechanism for diS-C;-(5)
response, where induced membrane potentials drive diS-C;-(5)
redistribution between sites at the inner and outer membrane
leaflets, with secondary effects on diS-C;-(5) dimerization and
solution/membrane partitioning. Fluorescence lifetime and dy-
namic depolarization measurements showed no significant
change in diS-Cs-(5) rotational characteristics or in the polarity of
the diS-Cs~(5) environment with changes in . Based on the ex-
perimental results, a mathematical model is developed to explain
the quantitative changes in diS-C;-(5) fluorescence which accom-
pany changes in  at arbitrary dye/lipid ratios.
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Introduction

The carbocyanine dye 3,3'-dipropylthiodicarbo-
cyanine iodide (diS-C;-(5)) has been used exten-
sively to study membrane potentials in cell and
vesicle suspensions (Waggoner, 1976; Kinnally,
Tedeschi & Maloff, 1978; Wright, 1984). The fluo-

rescence of diS-Csi-(5) typically changes by 0.2-
0.5% per mV change in membrane potential with a
response time of under 2 sec (Wright, Krasne, Kip-
pen & Wright, 1981). The potential sensitive re-
sponse mechanism of diS-C;-(5) in biomembrane
systems has been studied in several laboratories
(Sims, Waggoner, Wang & Hoffman, 1974; Wag-
goner, Wang & Tolles, 1977; Tsien & Hladky, 1978;
Ivkova, Pechatnikov & Ivkov, 1984). Effects of
membrane potential on diS-C;-(5) solution/mem-
brane partitioning, intramembrane aggregation, and
transmembrane redistribution have been proposed.

We have previously characterized the interac-
tion mechanism for diS-Cs-(5) binding to renal brush
border membrane vesicles (BBMYV) in the absence
of induced transmembrane potentials using
stopped-flow and phase-modulation fluorescence
methods (Cabrini & Verkman, 1986a) (Fig. 1).
There is rapid binding of diS-C;-(5) to the outer
membrane surface (6 msec) followed by diS-Cz-(5)
monomer reorientation (30 msec), very rapid dimer-
1zation (<10 nsec) and slow translocation (1 sec)
to symmetric binding sites at the inner membrane
leaflet. Fluorescence quenching studies of n-(9-an-
throyloxy) fatty acids by diS-Cs-(5) showed that the
diS-C;-(5) monomer is oriented parallel and that the
dimer is oriented perpendicular to the phospholipid
chains (Cabrini & Verkman, 1986b), similar to find-
ings for the merocyanine 540 binding orientation in
hemispherical lipid bilayers (Dragsten & Webb,
1978).

In principle, any one or combination of the four
reaction processes shown in Fig. 1 could be respon-
sible for the change in diS-Cs-(5) fluorescence with
induced transmembrane potentials. We report here
a series of steady-state, stopped-flow and phase-
modulation fluorescence experiments designed to
determine the potential sensitive response mecha-
nism of diS-Cs-(5) in BBMV and other biomem-
brane systems. The data support a model in which
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Fig. 1. Proposed mechanism for diS-C;-(5) binding to brush bor-
der membranes. The major reaction processes and time con-
stants are indicated. Symbols: M;—aqueous monomer; M, and
M>—membrane bound monomer; D—membrane bound dimer.
Superscripts i and o refer to diS-C;(5) binding sites at the inner
and outer membrane leaflets

diS-Cs-(5) redistribution between the outer and in-
ner leaflets of the bilayer (translocation step) is
primarily driven by induced transmembrane po-
tentials, with secondary effects on diS-Cs-(5)
dimerization and solution-membrane partitioning.

Materials and Methods

DiS-C;-(5) was obtained from Molecular Probes Inc. (Seattle,
WA) and was stored as a 2 mM stock solution in ethanol at 0°C in
the dark. All other compounds were obtained from Sigma Chem-
ical Co. (St. Louis, MO). Acrylic cuvettes (Starstedt, W. Ger-
many) were used to minimize dye binding.

MEMBRANE PREPARATIONS

BBMYV were prepared from rabbit renal cortex by homogeniza-
tion, Mg aggregation, and differential centrifugation as described
previously (Booth & Kenny, 1974). Buffer consisted of 250 mMm
sucrose, 10 mm HEPES/Tris, pH 7.4, with variable KCI and
choline Cl to keep ionic strength constant ([KCI] + [choline Cl]
= 150 mM). Placental microvillous membrane vesicles (MVV)
were prepared from fresh human placenta by isotonic stirring,
Mg aggregation, and differential centrifugation (Booth, Olaniyan
& Vanderpuye, 1980). Buffer consisted of 100 mM sucrose, 10
mM HEPES/Tris, pH 7.4, and 150 mm (KCl + choline CI).
Sealed red cell ghost membranes were prepared by the method of
Steck and Kant (1974) in buffer consisting of 10 mm HEPES/
Tris, pH 7.4, and 150 mm (KC1 + choline Cl). Membrane poten-
tials were induced by adding valinomycin (50 pg/mg membrane
protein) from a 25 mg/ml stock solution in ethanol to vesicles
having preformed KCl gradients. There was no effect of ethanol
(<0.5% vol/vol) on diS-Cs-(5) fluorescence.

Unilamellar phosphatidylcholine (PC) vesicles were pre-
pared by probesonication of ~25 mM PC for 45 min at 4°C under
N; (Huang & Thompson, 1974). Buffers consisted of 80 mm Tris/
HC], pH 7.4, and 150 mM (KCl + choline Cl). Membrane poten-

" tials were induced by adding valinomycin (30 ug/umol PC).

G. Cabrini and A.S. Verkman: DiS-C;-(5) Response Mechanism

STtoPPED-FLOW EXPERIMENTS

Stopped-flow measurements were performed on a Dionex 130
stopped-flow apparatus (Sunnyvale, CA) interfaced to a MINC/
23 computer (Digital Equipment Corp., Maynard, MA). The in-
strument dead time was <2 msec and the maximum rate of data
acquisition was 25 kHz. The excitation wavelength was 622 nm
as set by a Zeiss double monochromator; emission light was
filtered by Corion 650 or 695 cut-on filters.

FLUORESCENCE EXPERIMENTS

Steady-state fluorescence intensity and anisotropy measure-
ments were performed on an SLM 8225 fluorimeter (Urbana, 11.)
using photon counting detection. Anisotropy (excitation 622 nm,
emission 695 nm, 8 nm slits) was measured using Glan-Thomp-
son polarizers in the T-format; less than 0.5% of detected light
was due to scattering.

Fluorescence lifetime and dynamic depolarization measure-
ments were performed on an SLM 4800 fluorimeter as described
previously (Cabrini & Verkman, 1986a). Excitation light (622
nm) was selected with a monochromator and emission light was
filtered by Schott 697 nm sharp cut-on filters. For lifetime stud-
ies, an isochronal standard was used (Barrow & Lentz, 1983)
consisting of diS-Cs-(5) in ethylene glycol. The phase lifetimes of
3 uM diS-C;5-(5) in ethylene glycol were 2.08 nsec (30 MHz), 2.10
nsec (18 MHz) and 2.08 nsec (6 MHz) measured using a dilute
glycogen reference solution. The mean lifetime, 2.09 nsec, did
not vary with diS-C;-(5) concentration. Sample and reference
intensities were matched to within 5% in all measurements.

In some experiments the time course of phase lifetime or
differential tangent (tan A) was measured before and during in-
duction of a transmembrane potential with valinomycin addition.
Phase angles were recorded after every 2.5 sec data accumula-
tion period by an IBM-XT computer. Time courses were accept-
able only if the phase angle of a diS-C;-(5)/ethylene glycol stan-
dard changed by less than 0.1° (30 MHz) from the beginning to
the end of the run. >75% of runs were acceptable after a 3-hr
instrument warmup time.

Results

DiS-Cs-(5) POTENTIAL-DEPENDENT
RESPONSE MECHANISM

The first series of experiments are designed to de-
termine which of the reaction processes shown in
Fig. 1 are sensitive to induced transmembrane po-
tentials. The approach will be to resolve the relative
binding of diS-Cs-(5) to sites on each half of the
bilayer in the presence of induced transmembrane
potentials. The response kinetics for a change in diS-
C3-(5) fluorescence driven by electrical potential
will then be compared to the kinetics for the individ-
ual reaction processes in Fig. 1.

Transmembrane electrical potentials were cre-
ated by K* gradients in the presence of valinomycin
as described previously (Beck & Sacktor, 1978;
Wright et al., 1981). Figure 2 shows the effect of
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Fig, 2. DiS-C;-(5) fluorescence response to an induced mem-
brane potential. BBMV (30 uM membrane phospholipid) con-
taining 5 or 150 mm KCl added to 3 um diS-C;-(5) in 150 or 5 mm
KCl. Relative fluorescence (excitation 622 nm, emission 670 nm)
was measured as a function of time. Membrane potentials were
induced by addition of valinomycin

membrane potential on steady-state diS-C;-(5) fluo-
rescence. Addition of BBMYV results in a decrease
in fluorescence at the emission wavelength of the
aqueous diS-C;-(5) monomer (670 nm) due to mem-
brane partitioning. K" was replaced with an equiva-
lent amount of choline* to avoid osmotic gradients.
In the absence of valinomycin, s is set from inside
and outside K* and Cl~ concentrations according to
the Goldman equation,

(K™ Jour + (Pai/P)[Cl ] 0
[K*in + (Pai/PICl ou

Y = 59 mV log

where Pc/Px is the ratio of electrogenic ClI™- to K*
permeabilities in BBMV which has been estimated
to be 0.8 * 0.1 using the bi-ionic potential method
(Gunther, Shell & Wright, 1984). For [K"]ouw/[K™ i
= 150/5 and 5/150 mm (Fig. 2) ¢ is +19.7 and —19.7
mV, respectively, before valinomycin addition and
+87 and —87 mV after valinomycin addition when
Px > P¢. Addition of valinomycin causes a rapid
change in diS-Cs-(5) fluorescence (<3 sec, fluorime-
ter mixing time) followed by a slower time course
due in part to dissipation of the K* gradient. Addi-
tion of valinomycin in the absence of a K* gradient
does not alter steady-state fluorescence intensity
(not shown). We have confirmed that steady-state
fluorescence intensity varies linearly with ¢ in the
range —87 to +87 mV with slopes 0.30%/mV (de-
polarizing) and —0.45%/mV (hyperpolarizing) simi-
lar to data presented by Beck and Sacktor (1978)
and Wright et al. (1981).

When low concentrations of BBMV are mixed
with diS-C;-(5) in a stopped-flow apparatus in the
absence of a membrane potential (Fig. 3, 0 mV),
there is a biexponential decrease in fluorescence
due to diS-Cs-(5) reorientation/dimerization (30—40
msec, see Fig. 1) followed by translocation of diS-
Cs-(5) dimer from binding sites at the outer to inner
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Fig. 3. Time course of diS-C;-(5) binding to BBMV having differ-
ent potentials. BBMV (60 uM membrane phospholipid) contain-
ing valinomycin mixed with an equal volume of 10 um diS-Cs-(5)
in a stopped-flow apparatus. Specified membrane potentials in-
duced at the time of mixing by establishing KCl gradients
([K*]ow/[K*lin = 152/5, +87 mV; 150/150, 0 mV; 152/300, —87
mV). The time course of diS-C;-(5) fluorescence (excitation 622
nm, emission >650 nm) was biexponential; fitted time constants
and amplitudes are given in Table |

membrane leaflets (Cabrini & Verkman, 19864). For
the low BBMV concentrations used in experiments
in Fig. 3, the amplitudes of the fast and slow expo-
nential processes, representing decreased aqueous
diS-Cs-(5) due to membrane binding, are propor-
tional to the number of diS-C;-(5) molecules bound
at the outer and inner leaflets of the membrane,
respectively.

Similar stopped-flow experiments were per-
formed in the presence of induced membrane poten-
tials by mixing solutions containing BBMV + va-
linomycin with diS-C;-(5); the solutions contained
different K* concentrations to establish a mem-
brane potential immediately after mixing (Fig. 3 and
Table 1). There was a biexponential time course of
decreasing fluorescence in every experiment. The
fractional signal amplitude of the fast component
increased from 0.36 to 0.73 as interior membrane
potential increased from —17 to +87 mV. These
results indicate that a redistribution of diS-C;-(5)
molecules between sites at the inner and outer
membrane leaflets occurs in response to a mem-
brane potential. As predicted for an electrostatic
interaction, an interior negative potential favors re-
distribution of positively charged diS-C;-(5) from
sites at the outer to inner membrane leaflets.
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Table 1. Membrane potential effects on the binding kinetics of
DiS-Cs-(5) to BBMV

[K+]out/[K+]in d" Tfast Tslow

(mm) (mV)  (msec) (sec) AtastAror n
152/5 +87 36+4 1.1+01 074=004 6
7715 +70  42+2 06x01 069004 3
12/5 +23 456 02+02 069003 5

150/150 0 36=x2 1.0x01 053003 8

152/300 ~17  47+6 19+03 036=006 5

BBMYV (60 uM membrane phospholipid + valinomycin) contain-
ing specified [K*];, was mixed in a stopped-flow apparatus with
10 M diS-C;-(5) to obtain the specified K* gradient. Fluores-
cence was measured at >650 nm. The time course of decreasing
fluorescence (F) (see Fig. 3) was fitted to a biexponential, F =
Afastexp(_t/'rfast) + Aslowexp(*t/Tslow) with A(o! = Afast + Aslow- Ex-
periments were performed » times; errors are 1 sD.

In addition, the data in Table 1 show no system-
atic effect of membrane potential on the exponential
time constant for the fast component of the curve.
These results are consistent with the conclusion
that there is no direct effect of membrane potential
on the equilibrium constant for intramembrane diS-
Cs-(5) dimerization (see below). Table 1 shows a
complex effect of membrane potential and K* con-
centration on the exponential time constant for the
slow component which cannot be interpreted on the
basis of a single effect. The slow time constant is
determined by the rate of translocation of a single
diS-C;-(5) unit and on the number of diS-C;-(5) units
which must be translocated to reach equilibrium.
The rate for translocation of a single unit is deter-
mined by the detailed intramembrane potential pro-
file (see Fig. 8), which depends upon the transmem-
brane potential. The number of units that must be
translocated increases with interior negative mem-
brane potentials as shown by the dependence of
Afsi/Aror On membrane potential discussed above. In
addition, there may be direct effects of K* concen-
tration on diS-C;-(5) partitioning into the membrane
interior, and thus on the intramembrane potential
profile for diS-C;-(5) translocation.

The results in Fig. 3 and Table 1 indicate that
diS-C;-(5) redistribution is associated with a change
in membrane potential, but give no information
about whether redistribution is driven by membrane
potential. DiS-C;-(5) redistribution could occur in-
directly, due to an effect of membrane potential on
other reaction processes. In order to examine which
reaction process is driven directly by a change in
transmembrane potential, the diS-C;-(5) response
time was measured. It was necessary to design an
experiment in which membrane potential could be
changed rapidly (<2 msec) without imposing a diS-
Cs-(5) concentration gradient. Because of the finite
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FLUORESCENCE (670nm)

Fig. 4. Time course of diS-C;-(5) response to induced transmem-
brane potentials. Membrane potentials were induced by KCl gra-
dients -in the absence of diS-Cs-(5) concentration gradients. 0
mV:BBMYV (30 uM membrane phospholipid, 5§ mm KCl) contain-
ing 3 uM diS-Cs-(5) in the absence of valinomycin was mixed in a
stopped-flow apparatus with an equal volume of 150 mm KCl
containing ~0.5 uM diS-C;-(5) to give no change in diS-Cs-(5)
fluorescence with time. +70 mV: Same experiment repeated with
valinomycin added to the BBMV. Single exponential fitted time
constant was 0.5 sec. —17 mV: The same procedure used for the
0/+70 mV potentials was repeated using BBMV containing 150
mM KCl, 3 um diS-C;-(5) mixed with 5 mM KCI, ~0.5 uM diS-Cs-
(5). DiS-C;-(5) fluorescence remained constant in the absence of
valinomycin and decreased exponentially (r = 1.1 sec) when
valinomycin was added

time required for valinomycin to insert into the
membrane and exert its effect, an instantaneous
membrane potential change could not be induced by
addition of valinomycin to BBMV as in Fig. 2. The
stopped-flow experiments in Fig. 3 are also inade-
quate because a diS-Cs-(5) concentration gradient is
present.

The approach used to measure the diS-C;-(5)
response time is shown in Fig. 4. BBMV containing
3 puM diS-Cs-(5) and a specified K* concentration
were mixed with an equal volume of a solution con-
taining a different K* concentration and several
diS-C3-(5) concentrations. The diS-Cs;-(5) concen-
tration was determined in which there was no time
dependence of the fluorescence response and thus
no diS-Cs-(5) concentration gradient (0 mV, Fig. 4).
The same experiment was repeated with valinomy-
cin added to the BBMYV prior to mixing; under these
conditions any change in fluorescence is due exclu-
sively to a change in membrane potential. The fluo-
rescence response to +70 and —17 mV induced
potentials follows a single exponential closely with
time constants similar to those measured for the
translocation reaction. In eight measurements (—17
to +87 mV) performed using 650 or 695 nm cut-on
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Table 2. DiS-C;-(5) response kinetics in biological membranes
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BBMV RBC Ghosts MVV PC
Reaction time constants for membranes at 0 mV
Binding (msec) 6 =1 19 =5 1 =1 3.4+ 0.3
Reorientation (msec) 31 =1 35 =5 27 =1 120 =17
Translocation (sec)
Dimer 0.9 = 0.1 0.97 = 0.06 0.53 = 0.05 48+ 04
Monomer 4.1 0.1 30 =2 32 % 1
Response times for membrane potential perturbations
+70 mV (sec) 0.5=+0.2 0.5 =0.1 16 =2
—17 mV (sec) 1.2 +£ 0.1 0.8 +0.1 38 04 49+ 04

The time constants for the binding, reorientation and translocation processes were determined by the
stopped-flow method using 3 uM diS-Cs-(5) as described previously (Cabrini & Verkman, 1986a).
Membrane concentrations for the reorientation and dimer translocation studies were: BBMV (30 uM
membrane phospholipid), RBC ghosts (300 ug protein/ml), MVV (400 ug protein/ml) and PC vesicles
(20 uM lipid). For the binding and monomer translocation studies, membrane concentrations were 5—
10 times higher. The response to an induced membrane potential was measured in the absence of a diS-
C;-(5) concentration gradient as in Figs. 4 and 5. Measurements were performed in quadruplicate;

errors are 1 SD.

filters on the emission light there was no evidence
for the presence of any reaction process faster than
0.4 sec. These findings indicate that it is the translo-
cation reaction, and not the dimerization or initial
binding reaction, that is driven by changes in trans-
membrane potential.

In order to determine whether this translocation
mechanism applies to other biological and artificial
membranes, the experiments shown in Fig. 4 were
performed using sealed red cell ghost membranes,
human placental microvillous membrane vesicles,
and unilamellar phosphatidylcholine vesicles. The
kinetics for individual reaction processes in mem-
branes voltage clamped to 0 mV are given in Table
2. The time constants for the reorientation and di-
mer translocation processes were determined from
a biexponential fit to the time course of decreasing
fluorescence (>650 nm) for mixture of membranes
at low concentrations with 3 um diS-Cs-(5) (see Fig.
3, 0 mV). The time constants for the initial binding
and monomer translocation processes were esti-
mated from the time course of increasing fluo-
rescence (>695 nm) for mixture of membranes at
high concentrations with diS-Cs-(5) (Cabrini &
Verkman, 1986a). The time constant for diS-C;-(5)
fluorescence response to a change in membrane po-
tential was measured for each membrane (Fig. 5 and
Table 2). For BBMV, RBC ghosts, and PC vesicles,
the response time for a membrane potential change
is very similar to the time constant for the dimer
translocation reaction, and much greater than the
time constants for the binding and reorientation re-
actions. The data are less clearcut for the MVV; the
time constants for membrane potential change are
very different for +70 and —17 mV potentials and

—_— s
2 . i

+70mv T +70my

RBC VESICLES ¢ MVV

FLUORESCENCE (>650nm)

TIME

Fig. 5. DiS-Cs-(5) response time in red cell ghosts, MVV and PC
vesicles. The experiment performed in Fig. 4 was repeated in
three additional membrane preparations. The time course of diS-
C;-(5) to an induced membrane potential is shown. Concentra-
tions and fitted time constants are given in Table 2

may represent a translocation mechanism with
asymmetric binding of diS-C;-(5) to each membrane
leafiet. These results suggest that membrane poten-
tial-driven diS-C;-(5) translocation is a general
mechanism valid in both biological and artificial
membrane systems.

diS-Cs-(5) MoBILITY
AND MEMBRANE ENVIRONMENT

The next series of studies were designed to examine
whether membrane potential modifies the binding
location and the rotational characteristics of the
membrane-bound diS-C;-(5) monomer. We showed
previously that the diS-Cs-(5) fluorescence lifetime
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Fig. 6. DiS-Cs-(5) lifetime response to membrane potential.
Membrane potentials were induced by valinomycin addition to
BBMYV (200 uM membrane phospholipid) + 3 um diS-Cs-(5) as in
Fig. 2. The time course of the phase angle at a 30-MHz modula-
tion frequency was recorded. The reference solution consisted of
diS-C;-(5) in ethylene glycol as described in Materials and Meth-
ods. Measured lifetimes are given in Table 2

is a sensitive measure of solvent polarity and that
dynamic depolarization methods could be used to
define the diS-C;-(5) rotational rate (R) and the de-
gree to which rotation is hindered (7., limiting an-
isotropy) assuming isotropic diS-Cs-(5) rotation in
the membrane (Cabrini & Verkman, 19864a). Similar
phase-modulation measurements are now per-
formed in the presence of membrane potentials in-
duced by K* gradients and valinomycin as in Fig. 2.
In order to improve the accuracy of phase angle
determinations for lifetime and tan A measure-
ments, the effects of valinomycin on the time
course of phase angle were measured as shown in
Fig. 6. Differences in phase angle of 0.2 degrees
corresponding to a phase lifetime of 2 psec could be
resolved by this method.

Table 3 summarizes the effects of membrane
potential on the measured fluorescence lifetime (7),
steady-state anisotropy (r), and differential tangent
(tan A) for the membrane bound diS-Cs-(5) mono-
mer, and on the calculated parameters R and r... In
the absence of a K* gradient (0 mV), addition of
valinomycin does not significantly alter any of the
measured or calculated quantities. Addition of va-
linomycin in the presence of K+ gradients, result-
ing in +87 and —87 mV induced potentials, causes
small increases in r and r., and decreases in R sig-
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Table 3. Membrane potential effects on diS-C;-(5) fluorescence
properties

(mV) VAL 7 r tan A R I
(nsec) nsec™!
0 - 2.070 0.1095 0.0193 0.60 0.0747
+£0.001 £0.0003 =0.0007 =*0.02 =*0.0004
+ 2.067 0.1098 0.0185 0.63 0.0752
+0.001 =£0.0002 =*=0.0015 =*0.05 =*0.0009
+87 - 2.066 0.1122 0.0143 0.83 0.0864
+0.003 =*0.0004 =+0.0013 =*0.08 =*0.0013
+ 2.064 0.1175 0.0175 0.63 0.0886
+0.002 *0.0002 =*0.0015 =0.05 =0.0012
-87 - 2.071 0.1118 0.0169 0.71 0.0757
+0.002 +0.0004 =*0.0005 =0.02 =0.0005
+ 2.062 0.1131 0.0175 0.64 0.0848
+0.003 *0.0003 =*0.0005 =*0.02 =0.0005

Abbrev.: VAL, valinomycin; 7, fluorescence phase lifetime; r,
steady-state anisotropy; tan A, differential tangent; R, rotational
rate; r., limiting anisotropy. Solutions consisted of BBMV (200
uM membrane phospholipid) and 3 uM diS-Cs-(5). All measure-
ments were performed at an 18-MHz modulation frequency (see
Materials and Methods). Membrane potentials were created as in
Fig. 2; — and + refer to before and after valinomycin addition.
‘+’ Measurements were performed within 30 sec after valinomy-
cin addition. The diS-C;-(5) lifetime was homogeneous under all
conditions as determined by agreement among phase and modu-
lation lifetimes at 18 and 30 MHz. Errors are 1 sD for quadrupli-
cate determinations.

nificant to the P < 0.05 level (Student’s ¢ test, r.. at
+87 mV not significant). These surprising results
suggest that an induced membrane potential of any
sign causes a small decrease in the rotational mobil-
ity of the diS-Cs-(5) monomer. Lelkes (1979) found
that membrane potentials of any sign (0 to =100
mV) caused an increase in the steady-state aniso-
tropy of diphenylhexatriene in PC and phosphati-
dylserine (PS) vesicles; it was suggested that mem-
brane potentials cause an electrostrictive effect
associated with increased membrane rigidity. Our
results are compatible with this interpretation.
However, although membrane potentials modify
the diS-C;-(5) rotational characteristics, the effects
are small and are not important in the mechanism of
diS-C;-(5) potential sensitivity.

It has been suggested that one mechanism for
the diS-Csz-(5) fluorescence response may be a po-
tential-dependent shift in the location of diS-C;-(5),
resulting in an altered state of aggregation and fluo-
rescence quenching (Ivkova, Pechatnikov, Ivkov &
Pletnev, 1983). We tested this hypothesis by exam-
ining the dependence of diS-Cs-(5) fluorescence life-
time on membrane potential (Fig. 6 and Table 3).
There was no significant effect of a +87 mV poten-
tial on lifetime (—2 = 4 psec), while a —87 mV
potential caused a small decrease in lifetime (—9 +
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Fig. 7. Effect of membrane potential on diS-C;-(5) emission
spectra. Uncorrected emission spectra (excitation 622 nm, 4 nm
slits) for 3 puMm diS-Cs-(5) containing BBMV. At 0 mV ([K*]./
[K*];, = 150/150 mMm) three spectra are shown: 2 uM membrane
phospholipid (low BBMV, solid curve), 100 uM membrane phos-
pholipid (0 mV, dashed-dotted curve) and 300 uM membrane
phospholipid (high BBMV, dashed curve). For 100 uM mem-
brane phospholipid, +87 and —87 mV potentials were estab-
lished using [K*1w/[K* i = 150/5 and 5/150 mM. Spectra were
recorded within 30 sec after membrane potential was set, at
which time dissipation of the KCl gradient did not occur

3 psec). To obtain an order of magnitude estimate of
the sensitivity of diS-Cs-(5) lifetime on solvent po-
larity, assume a linear dependence of lifetime on log
dielectric constant. The diS-C;-(5) lifetime in-
creases by 800 psec for a twofold decrease in sol-
vent dielectric constant (water to ethylene glycol).
A 9-psec decrease in lifetime would then corre-
spond to a 0.8% change in dielectric constant.
These findings suggest that very little if any change
in the diS-Cs-(5) environment occurs with a change
in membrane potential.

MoDEL FOR diS-Cs-(5) FLUORESCENCE RESPONSE

The results above indicate that it is the transioca-
tion reaction, and not the reorientation/dimeriza-
tion reaction or the binding reaction, that is driven
directly by a membrane potential change. The next
set of experiments will show that both the reorienta-
tion/dimerization and binding reactions are essen-
tial components of the potential-dependent diS-Cs-
(5) response mechanism. The quantitative effects of
dye/lipid ratio on the fluorescence response and the
emission wavelength dependence of the fluores-
cence response will be used to develop a mathemat-
ical model for diS-Cs-(5) fluorescence response to
membrane potential.

Figure 7 shows the effects of membrane poten-
tial on the diS-C;-(5) emission spectra. At 0 mV
there is a peak at 670 nm at low BBMV which de-
creases in intensity as BBMV are added because of
conversion of aqueous diS-Cs-(5) to nonfluorescent
membrane-bound dimer. As more BBMV are
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Fig. 8. Concentration dependence of diS-Cs-(5) fluorescence re-
sponse to membrane potential. +87 and —87 mV membrane po-
tentials were induced with KCI gradients and valinomycin as in
Fig. 2 at 3 umM diS-Cs-(5). The dye response measured by fluores-
cence at 670 and 695 nm (excitation 622 nm), AF/F, is the frac-
tional change in fluorescence after valinomycin addition

added, a new peak at 695 nm is formed which in-
creases in intensity as membrane-bound dimer is
converted to membrane-bound monomer. The diS-
C;s-(5) fluorescence intensities at 670 and 695 nm are
proportional to the concentrations of aqueous diS-
C3-(5) and membrane-bound monomer, respec-
tively. At an intermediate dye/lipid ratio, where all
three forms of diS-Cs-(5) are present, a +87-mV
potential causes an increase in fluorescence while a
—87-mV potential causes a decrease in fluorescence
at all wavelengths. If monomer-dimer reequilibra-
tion did not occur with a change in membrane po-
tential, the fluorescence intensities at 670 and 695
nm would change in opposite directions since the
concentrations of aqueous diS-C;-(5) and mem-
brane-bound diS-C;-(5) would be inversely related.
Since the intensities change in the same direction,
the dimerization reaction is an important compo-
nent of the diS-Cs-(5) response mechanism.

The quantitative effects of dye/lipid ratio on the
diS-C;-(5) fluorescence response to induced mem-
brane potentials at 670 and 695 nm emission wave-
lengths are shown in Fig. 8. The magnitude of the
response is greatest at [diS-C;-(5)]/[membrane
phospholipid] ratios of 0.06:0.1 and becomes very
small (AF/F < 0.02 at ratios <0.006 and >3 (not
shown)). The response is generally better at 670
than at 695 nm, and for hyperpolarizing potentials
than for depolarizing potentials. It is of note that the
responses at 670 and 695 nm are of opposite signs
for a +87 mV potential at 200 M membrane phos-
pholipid.

The experimental observations presented in
this and our previous study (Cabrini & Verkman,
1986a) have been incorporated into a simple mathe-
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Fig. 9. Potential-sensitive response mechanism for diS-C;-(5).
The postulated profiles for the diS-C;-(5) binding potential in the
absence of membrane potential and in the presence of positive
and negative potentials are shown (see text). For each condition
the hypothetical distributions of 300 diS-Cs-(5) molecules as free
dye, and bound monomer and dimer at the outer and inner mem-
brane leaflets are given. a and b refer to positions for the diS-C;-
(5) binding sites as defined in Eq. (3)

matical model for diS-Cs:-(5) potential sensitivity,
which is detailed in the Appendix. Some qualitative
features of the model are illustrated in Fig. 9. In the
absence of a membrane potential (0 mV), the intra-
membrane potential profile for diS-C;-(5) binding
consists of symmetric minima near the membrane
surfaces and a large activation barrier for transloca-
tion. The detailed shape of the potential barrier is
determined from electrical (monopole, dipole, etc.)
and mechanical (steric) interaction characteristics.
Total diS-Cs-(5) is distributed among aqueous
monomer, and membrane-bound monomers and di-
mers present at the outer and inner membrane leaf-
lets. The number of intravesicular diS-C;-(5) mole-
cules is insignificant compared to the number of
membrane-bound diS-C;-(5) molecules.! For itlus-
trative purposes it is assumed that a total of 300 diS-
C5-(5) molecules are distributed as 100 aqueous

! At equal aqueous and intravesicular diS-C;-(5) concentra-
tions of 1 uM (0 mV), there would be ~8 diS-C;-(5) molecules in a
BBMYV of 0.15 pwm radius (1.4 x 10-* c¢cm? volume). The total
number of phospholipid molecules per BBMV is ~21,000, as-
suming an average phospholipid molecular weight of 750 g/mole,
density of 0.8 and a 40-A membrane thickness. At a typical [diS-
C;-(5)] to [membrane phospholipid] ratio of 0.03, there would be
~630 bound diS-C;-(5) molecules, more than 75 times the num-
ber of intravesicular diS-C;-(5) molecules.
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monomers, and 50 membrane-bound monomers and
25 dimers present at each membrane leaflet.

It is assumed that an induced membrane poten-
tial results in a composite potential profile contain-
ing the 0-mV profile and a linear potential arising
from a constant intramembrane electric field. Based
on the experimental evidence, it is assumed that the
dimerization constant is independent of membrane
potential and that membrane potential causes diS-
Cs-(5) redistribution between sites at the inner and
outer membrane leaflets.

In the presence of an interior positive mem-
brane potential, diS-C;-(5) is expelled from the
membrane, resulting in an increase in the aqueous
monomer and in fluorescence at 670 nm. Total diS-
C3-(5) is less at the inner membrane leaflet (80) than
at the outer membrane leaflet (100). Because the set
point of the monomer-dimer (or in general, mono-
mer-aggregate) equilibrium at each membrane leaf-
let is determined by the total number of bound diS-
C3-(5) molecules, bound monomer is favored over
bound dimer (aggregate) at the inner membrane
leafiet. Under these conditions the total number of
bound monomers increases from 100 to 110 result-
ing in an increase in fluorescence at 695 nm. Simi-
larly, an interior negative potential causes diS-Cs-
(5) uptake, decrease in fluorescence at 670 nm and
increased total diS-C;-(5) at the inner membrane
leaflet. The monomer-dimer equilibrium shifts to fa-
vor the dimer (aggregate) so that total bound mono-
mer decreases from 100 to 90, resulting in decreased
fluorescence at 695 nm.

The quantitative predictions of the model pre-
sented in the Appendix are given in Fig. 10. The
model contains a minimal number of assumptions,
and the values for all parameters are established
from experimental results (see Appendix). There is
approximate linearity between fluorescence re-
sponse (AF/F) and membrane potential for both hy-
perpolarizing and depolarizing potentials. In addi-
tion, the model predicts greater sensitivity of the
fluorescence response for hyperpolarizing mem-
brane potentials than for depolarizing potentials as
observed experimentally. The quantitative depen-
dence of AF/F at 670 nm on [membrane phospho-
lipid] is very similar to the experimental results in
Fig. 8. AF/F is greatest at intermediate dye/lipid
ratios and becomes small at very high or very low
dye/lipid ratios.

The detailed dependences of AF/F at 695 nm on
[membrane phospholipid] do not fit the experimen-
tal results in Fig. 8 closely; however, the general
features are correct. At low [membrane phospho-
lipid] the fluorescence response is less at 695 nm
than at 670 nm and in the same direction; at high
[membrane phospholipid] the sign of AF/F reverses
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as measured for the positive potential at 200 um
membrane phospholipid (Fig. 8). There are several
possible explanations for the inability of the simple
model to predict quantitatively accurate AF/F val-
ues at 695 nm at high [membrane phospholipid].
The assumption that the only nonfluorescent diS-
Cs-(5) species in the membrane are dimers may not
be valid. In aqueous solution, West and Pearce
(1965) showed that higher order nonfluorescent ag-
gregates are present at high dye concentrations.
The presence of an intramembrane monomer-aggre-
gate equilibrium would modify the characteristics of
the response curves at 695 nm. In addition, there
may be quenching effects of intramembrane mono-
mer or dimer on monomer fluorescence which are
neglected in the model. Either of these explanations
could account for the inaccuracies of the model at
695 nm; however, we feel that the equilibrium fluo-
rescence titration data are not adequate to mandate
inclusion of additional parameters into the model.
In addition, there may be inaccuracies in the values
of K, or K,,, or in one of the other assumptions made
in the model.

Discussion

It is important for a number of reasons to define the
mechanism of potential sensitivity of fluorescent
probes used to measure membrane potential in bio-
logical systems. The design of kinetic experiments
requires knowledge of the rate at which probe fluo-
rescence responds to perturbations in membrane
potential. The optimal excitation and emission
wavelengths, and dye and membrane concentra-
tions, must be selected to maximize the fluorescence
signal based on an understanding of the dye re-
sponse mechanism. It is also essential to define non-
potential-dependent factors that cause a change in
dye fluorescence properties such as solution ionic
strength, ionic composition and quenching effects
of compounds present in the assay system.

We have focused attention on the mechanism of
potential sensitivity of the carbocyanine dye diS-Cs-
(5) in biological membranes. The kinetic mechanism
and location for diS-Cs-(5) binding was established
first in the absence of induced membrane potentials
using stopped-flow and phase-modulation fluores-
cence techniques. The same techniques are now ap-
plied to examine how induced potentials modify the
binding mechanism. We find that in biological mem-
branes and PC vesicles, induced potentials cause a
redistribution of diS-C;-(5) between sites at the in-
ner and outer membrane leaflets. The redistribution
is coupled secondarily to diS-C;-(5) reorientation/
dimerization and solution/membrane partitioning
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Fig. 10. Mathematical model for diS-C;-(5) response to mem-
brane potential. Top: AF/F is calculated as a function of ¢ for 3
uM diS-Cs-(5), 30 uM membrane phospholipid and 670 nm emis-
sion wavelength using Eqgs. (A4) and (A7) to (A9), and model
parameters given in the Appendix. Bottom: AF/F is calculated as
a function of [membrane phospholipid] for 3 um diS-C;-(5), ¢ =
*60 mV, and A = 670 and 695 nm. The x axis is a logarithmic
scale

without significant change in the diS-C;-(5) binding
location and rotational characteristics. The diS-C;-
(5) fluorescence response to induced potentials is
optimized when fluorescence of the aqueous mono-
mer is monitored (670 nm) and when the dye/lipid
ratio is at a mid-equilibrium point (see Fig. 8). The
time constant for diS-C;-(5) response to membrane
potentials is closely related to the time constant re-
quired for the translocation (redistribution) reac-
tion. These findings were incorporated into a math-
ematical model for diS-C;-(5) fluorescence re-
sponse, which is in reasonable agreement with the
experimental results.

Many of the individual features of the diS-C;-(5)
response mechanism reported in this paper have
been described previously using different experi-
mental approaches. Sims et al. (1974) first studied
the response mechanism for a series of cyanines in
red cells and PC vesicles. Based on fluorescence
and centrifugation binding studies, they showed
that partitioning of dye between the aqueous solu-
tion and cell or vesicle was dependent on membrane
potential. They suggested that dye aggregation oc-
curring within the cell or in the interior regions of
the membrane was responsible for the decreased
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fluorescence of aqueous diS-Cs-(5). Subsequent
studies in the red cell (Hladky & Rink, 1976; Tsien
& Hladky, 1978) showed that dye partitioned into
the cell interior in response to a hyperpolarizing
membrane potential with formation of dimers bound
to oxyhemoglobin. These results are consistent
with the diS-C;-(5) response mechanism reported
here. When the molar quantity of intravesicular dye
is small compared to the quantity of dye bound to
the membrane, the dye response mechanism con-
sists of potential-driven translocation with second-
ary intramembrane monomer-dimer equilibration
and membrane-solution partitioning. When large
quantities of dye are present in the intracellular
compartment because of large cell volume and bind-
ing to intracellular contents (red cells), the fluores-
cence response is enhanced since intravesicular un-
bound dye is in equilibrium with dye at the inner
membrane leaflet. The response rate of the dye to
membrane potential changes would decrease be-
cause the number of dye units required to cross the
intramembrane potential barrier would increase to
reach equilibrium at the new membrane potential.

The response of cyanine dyes to changes in
membrane potential is enhanced when intracellular
or intravesicular aggregation can occur. The effect
is most pronounced for interior negative membrane
potentials and large cells or vesicles, where high
dye concentrations cause aggregation and further
inward shift of dye (Loew, Benson, Lazarovici &
Rosenberg, 1985). To model intravesicular aggrega-
tion, a dye aggregation reaction (M} < [M],) would
be added to the mechanism given in Fig. 1. The dye
aggregate concentration would then be included in
Eq. (A1) and in the subsequent development in the
Appendix. Although intravesicular dye aggregation
is not important in the vesicle studies described
here, it may become very important for measure-
ments in cells and in large vesicles.

Waggoner et al. (1977) studied the time course
of absorbance of a series of cyanine dyes in glyceryl-
monooleate lipid bilayers in response to a series of
square wave voltage pulses. They found a rapid (10
usec) voltage-induced change in absorbance only
when the dye concentrations on each side of the
membrane were different. When the dye concentra-
tions were equal, a series of voltage pulses induced
a slow (>0.8 sec) increase in the peak absorbance
of the dye response pulses; each response pulse had
a rise time of ~10 usec. These results were inter-
preted on the basis of an on-off mechanism, where
membrane potential induces dye partitioning be-
tween the membrane and the adjacent aqueous so-
lution. The slow increase in peak absorbance was
thought to be related to dye movement across the
membrane interior. Our results are in agreement
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with the potential-driven slow translocation pro-
cess; however, we do not detect a rapid component
for the potential-driven change in diS-Cs-(5) fluores-
cence (Figs. 4 and 5). Our model would predict a
rapid on-off mechanism in addition to the transloca-
tion mechanism if the diS-C;-(5) binding site resided
deeper in the membrane than the depth at which the
electric field is present (distance a in Fig. 9). Al-
though it is not possible to resolve reaction pro-
cesses <1 msec with the stopped-flow technique,
we found no evidence for any fluorescence change
occurring within the instrument dead time based on
a comparison between the fluorescence intensity at
the beginning of the data trace (Figs. 4 and 5) and
the predicted fluorescence intensity at 0 mV. Of
course, it is possible that differences between our
vesicle preparations and the planar lipid bilayers of
Waggoner et al. could explain our inability to iden-
tify a very rapid component of dye response. Alter-
nately, if an on-off mechanism is detectable only in
the presence of a dye concentration gradient be-
cause of diffusion polarization effects at the aque-
ous interface as suggested above, it would not be
possible to study the rapid component using our
techniques. Because cell and vesicle studies are
performed in the absence of cyanine dye concentra-
tion gradients, on-off binding probably does not
contribute to the dye response mechanism in these
systems.

Ivkova et al. (1983, 1984) have performed a se-
ries of equilibrium fluorescence titrations of diS-Cs-
(5) in lecithin vesicles and sarcoplasmic reticulum
vesicles. They quantitated the amounts of diS-Cs-
(5) present in aqueous solution and as membrane-
bound monomers and aggregates based on an as-
sumed binding mechanism. They proposed a
redistribution mechanism for the diS-C;-(5) fluores-
cence response to membrane potential and calcu-
lated the theoretical response characteristics of the
dye. Our equilibrium titration results and conclu-
sions are in general agreement with those of Ivkova
et al. although the modeling approaches differ. In
addition, the stopped-flow and phase-modulation
results reported here define kinetic features of the
diS-Cs-(5) response mechanism, and the distribu-
tion and characteristics of the diS-C;-(5) binding
sites which cannot be examined by steady-state flu-
orescence measurements alone.
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where K, is a dimensionless dimer dissociation constant and [L]
is the membrane concentration expressed as uM phospholipid.

In the absence of a membrane potential (0 mV) it was shown
previously that partitioning of diS-C;-(5) into BBMV can be de-
scribed empirically using a single-site saturation model

[Col = [CH( + [LVK,) (A3)

where K, is a partitioning constant representing the membrane
phospholipid concentration at which the dye is distributed
equally between the membrane and aqueous compartments. Ac-
cording to this formulation, parallel partitioning of dye into two
membrane compartments (inner and outer membrane leaflets) of
equal effective volume (equal [L]) but of differing partitioning
constants (K} and K2) would be described by Eq. (A3) with K,
replaced by

1/K; = UK} + 1/K} (A4)

where K, is an apparent partitioning constant.
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According to the model in Fig. 9, an induced membrane
potential would alter each K, in a manner dependent on the
magnitude of ¢ at the two dye-binding sites

K} = K, explaci/d)

K? = K, explaap[1 — ald]) (AS)

where a and d are the distances shown in Fig. 9, and a will be
taken as an empiric constant which contains the Boltzman con-
stant, temperature and the ‘effectiveness’ of the membrane po-
tential in inducing dye redistribution. Assuming bound dye
monomer and dimer experience similar electrical forces, an ap-
proximate relationship for total dye at the inner and outer mem-
brane leaflets is

[M] + 2[D] = (IM,] + 2[D,]) exp(~a[1 — 2a/d]). (A6)
Combining Egs. (A1) through (A6)
_ LK,
[Mo] - 4
L)K? LIK,[C,
LK n [LPKJC] 47

16 2(1 + exp(—ay[l ~ 2a/d))K, + [L]))
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The fluorescence at wavelength A and potential s, F(\,{) is then
given by

Fu) = FylM,)J(1 + explel — 2a/d])
+ FlCGW1 + [LVK;)  (A8)

where Fy, and F¢ are the fluorescence intensities (intensity units/
uM diS-C;5-(5)) of bound and aqueous monomer, respectively.
The fluorescence response of the dye (AF/F) is then given by
AF/F = [F(\,p) — F(\,0))/F(A,0). (A9)
Equations (A4) and (A7) through (A9) provide a simple model for
the response of diS-C;-(5) fluorescence as a function of [C,], [L]
and . The physical parameters describing the system: aa/d, «
K,, K4, Fy(M\)/Fc()) are required to calculated AF/F values.

For the model predictions shown in Fig. 10, the param-
eters were estimated as follows. Fy(670)/Fc(670) = 0.3 and
F(695)/F(695) = 3.0 are estimated from fluorescence emission
spectra of 3 uM diS-C;-(5) in the presence of 0 and 400 uM mem-
brane phospholipid (Fig. 1 of Cabrini & Verkman, 1986a). The
a_a
d .
component to the fluorescence response, and @ = 0.017 is cho-
sen to match the measured AF/F at +87 mV, 670 nm. K, = 17
uM and K,; = 0.0013 are taken from the fluorescence titrations at
0 mV described previously (Fig. 2 of Cabrini & Verkman,
1986a).

parameter —- is set equal to zero based on the lack of any rapid



