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ABSTRACT Mitochondria strongly accu-
mulate amphiphilic cations. We report
here a study of the association of
respiring rat liver mitochondria with
several fluorescent cationic dyes from
differing structural classes. Using gravi-
metric and fluorometric analysis of dye
partition, we find that dyes and mito-
chondria interact in three ways: (a)
uptake with fluorescence quenching,
(b) uptake without change in fluores-
cence intensity, and (c) lack of uptake.
For dyes that quench upon uptake, the
extent of quenching correlates with the

degree of aggregation of the dye to
dimers, as predicted by theory (Tomov,
T.C. 1986. J. Biochem. Biophys. Meth-
ods. 13:29-38). Also predicted is the
relationship observed between
quenching and the mitochondria con-
centration when constant dye is titrated
with mitochondria. Not predicted is the
relationship observed between
quenching and dye concentration when
constant mitochondria are titrated with
dye. Because a limit to dye uptake
exists, in this case, the degree of
quenching decreases as dye is added.

A Langmuir isotherm analysis gives
phenomenological parameters that
predict quenching when it is observed
as a function of dye concentration. By
allowing for a decrease in membrane
potential, caused by incorporation of
cationic dye into the lipid bilayer, a
modification of the Tomov theory pre-
dicts the dye titration data. We present
a model of cationic dye-mitochondria
interaction and discuss the use of
these as probes of mitochondrial mem-
brane potential.

INTRODUCTION

At the turn of the century, Michaelis discovered that the
cationic dye Janus green B could be used for selective
staining of mitochondria from other cellular organelles
(1). Since then many dyes have been found to mimic the
mitochondrial specificity of Janus green B (2). In 1946,
Lewis et al. (3) observed that derivatives of the cationic
mitochondrial specific dye brilliant cresyl blue preferen-
tially stain tumor cells and retard their growth. More
recently, applications of fluorescence microscopy have
allowed the identification of novel fluorescent stains of
intracellular organelles. The nontoxic fluorescent dye
rhodamine 123 (Rhl23) not only stains mitochondria
specifically, but also, in a fashion similar to the cresyl blue
of Lewis et al. (3) is taken up by, retained by, and inhibits
growth of certain cancerous cells (4-7). The primary site
of accumulation of these cationic dyes in the cell has been
found to be in the mitochondria. The cell selectivity seen
has been combined with the photosensitizing properties of
aromatic dyes to yield photoactive anticancer therapeutic
agents (8-10).

In light of the potential importance of mitochondrial
specific antitumor agents, the interaction of aromatic
cationic species with the mitochondria should be under-
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stood. We have undertaken a study of the interaction of
aromatic amphiphilic fluorescent cations with respiring
rat liver mitochondria. We wished to develop measures of
the interaction of these cations with the mitochondria and
understand differences which might be seen by these
measurements. The primary measure that we have chosen
to monitor is the fluorescence intensity decrease that
occurs when many of these dyes interact with lipid
bilayers possessing a transmembrane potential. The pio-
neering studies of Sims et al. (11) established cationic
dyes as useful probes of membrane potential. They were
the first to suggest that the reason for the quenching
observed in fluorescence of cations interacting with mem-
branes bearing potential was due to dimerization related
quenching of the fluorescence. Loew et al. (12) proposed
that the dimerization of DiSC2(5) was due to localized
concentration of ions caused by potential forced diffusion
of dyes into the interior space which the active mem-
branes enclosed. Tomov (13) showed that the cationic
dye, pyronin Y (PyY), behaves similarly to DiSC2(5)
when added to isolated respiring mitochondria and, echo-
ing the mechanism proposed by previous workers, devel-
oped a theoretical expression relating dye quenching to
the dye dimerization constant, the mitochondrial volume
present, the dye concentration added, and the membrane
potential. Emaus et al. (14) performed a more compre-
hensive investigation of the relationship between the
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quenching of Rh 123 added to mitochondria, and their
metabolic and functional state. We expand the work here
to other dyes. We have measured the change in fluores-
cence quenching observed as the cationic fluorophores are

titrated with increasing concentrations of mitochondria,
and when mitochondria are titrated with increasing con-
centrations of dye. We have tested the limits of the Tomov
theoretical model in predicting the observed data, and out
of necessity developed a correction to the Tomov theory,
by including the effect on the membrane potential driving
the sequestration caused by charge donated to the system
by the mitochondrial localization of the dye. With this, a

reasonable correlation between theory and observed titra-
tions is obtained and we are provided with a set of
measurables which describe the interaction of cations
with mitochondria. The discussion outlines a model that
attempts to integrate the observed data with mitochon-
drial function.

MATERIALS AND METHODS

Reagents
Dyes
Dyes from several general structural classes were used. Their chemical
names, source and stated purity are given below.
Carbocyanine series. 1,1'-Diethyloxacarbocyanine iodide [DiOC2(3)],
Molecular Probes Inc. (MP), Eugene, OR, >95%; 1,l'-diethyloxadicar-
bocyanine iodide [DiOC2(5)1, MP, >95%; 1,l'-diethylthiacarbocyanine
iodide [DiSC2(3)], MP, >95%; 1.l'-Diethylthiadicarbocyanine iodide
[DiSC2(5)], MP, >95%.
Aminoxanthene series. Rhodamine 123 dihydrate (Rh123), Aldrich
Chemical Co. (A), Milwaukee, WI, >99%; rhodamine 6G (Rh6G), A,
>99%; rhodamine B (RhB), A, >99%; rhodanile blue (RAB), A, 85%.
Oxazine series. Oxazine 1 perchlorate (Oxi ), Eastman Kodak Co. (K),
Rochester, NY, >99%; oxazine 4 perchlorate (0x4), K, >99%; Nile
blue A perchlorate (NbA), K, >99%; cresyl violet perchlorate (CV), K,
>99%.
Other ring systems. Safranin 0 (SafO), A, 95%; thionin (Th), A, 91%;
pyronin Y (PyY), Matheson Coleman Bell, Cincinnati, OH, 58%.
A 1 mg/ml stock solution of each dye was prepared in absolute

ethanol. The concentration was calculated from the absorbance of an
ethanol-diluted aliquot using published extinction coefficients (15, 16).
Immediately before use, working solutions of the dyes were prepared by
dilution into working buffer, sucrose succinate buffer (SSB) with EGTA
(described below), to a final concentration of 100 IAM.

Other reagents
Buffer salts, sucrose, ethyleneglycol-bis-(aminoethyl ether) N,N,N',N'
tetraacetic acid (EGTA), disodium succinate, rotenone, and carbonyl
cyanide m-chlorophenylhydrazone (CCCP) were purchased from
Sigma Chemical Co., St. Louis, MO. Tetraphenylphosphonium chloride
(04PCI) was from Aldrich Chemical Co.

Mitochondria isolation
Mitochondria from freshly excised liver of breeding retired male
Sprague-Dawley rats were isolated at 40C into 0.30 M sucrose by the

method of Rickwood et al. (17). Delipidated bovine serum albumin
(final concentration of 1.0 mg/ml) was added to the isolation medium
during and subsequent to the second mitochondrial pelleting. Pellets
were obtained by centrifugation at 12,000 g. Mitochondria were stored
at 40C at a concentration of -50 mg/ml in a final isolation buffer (IB)
containing 0.3 M sucrose, 1 mM EGTA, 0.1% BSA, 5 mM K2PO4, and
10 mM MOPS, adjusted to pH 7.4 with KOH. Mitochondrial concen-
tration was estimated by Lowry's method of measuring protein (18),
using lysozyme as standard. Mitochondrial integrity was determined by
measuring the ATPase activity using the method of Pullman et al. (19).
The regulatory control ratio measured oxygen consumption with a
Clark's electrode (20). Upon addition ofADP and phosphate, mitochon-
drial preparations demonstrated a four- to sevenfold increase in oxygen
consumption.

Experimental methods
Fluorometric measurements were performed on Farrand Optical Co.
(Valhalla, NY) Mark I or Perkin Elmer Corp. (Norwalk, CT) model
502A spectrofluorometers using 10-nm band pass. All measurements
were done at room temperature using SSB/EGTA containing 150 mM
sucrose, 5 mM MgCI2, 5 mM disodium succinate, 5 mM K2PO4, 2.5 ,uM
rotenone, 1 mM EGTA, and 20 mM potassium-Hepes buffer (pH 7.4).
Before addition of mitochondria, the wavelengths of maximal emission
and excitation of the dye were adjusted to maximize the intensity of
fluorescence relative to scatter (Table 1). The fluorescence signal was
recorded on a strip chart.

Dyes were titrated with increasing amounts of mitochondria. (a) A
stock solution of dye (1 mg/ml) was prepared in ethanol. Into 3.0 ml of
SSB/EGTA, was added 30 ,l of a 100 MAM solution of working dye
dilution, freshly prepared from stock into buffer. Total dye fluorescence
was measured. (b) To the working dilution was added a sufficient
volume of mitochondria stock suspension in IB (5-50 ul) to yield the
final desired concentration of mitochondria. (c) After fluorescence
changes plateaued, a reading of fluorescence observed (Ie.) was made.
(d) The membrane potential was destroyed by addition of 30 JAl of a 500
MM CCCP in SSB/EGTA, and IcccP was read. Subsequently, the
light-scattering contribution to the signal was determined separately on
a sample of mitochondria with no dye. The experimental metameter, E, is
the ratio of the intensity of fluorescence observed in the presence of
mitochondria and dye (Iow), divided by the total intensity of the sample
observed after addition of CCCP, Icccp, corrected for scatter when
necessary.

Constant amounts of mitochondria were titrated with dye by addition
of sufficient volume of mitochondrial suspension in IB required (-25 Ml)
into 3.0 ml ofSSB/EGTA to bring the final concentration of 0.1 mg/ml.
Dye was brought to the final desired concentration by the addition of 30
,Ml of a 1OOX concentrate ofdye in SSB, prepared fresh from stock, to 3.0
ml of the mitochondrial suspension. Iow and ICCCP were determined as
above.

Inhibition of Rh 123 binding by other dyes was accomplished by
following the fluorescence change upon addition of sufficient stock
mitochondrial suspension in IB to 3.0 ml SSB/EGTA to bring the final
concentration to 0.1 mg/ml. The solution previously was made to
contain a mixture of 1 MM Rh 123 and the competing dye at an

appropriate concentration. The sample was excited at 490 nm and the
emission was monitored at 520 nm. Iw and ICCCP were determined as
above.

Partition experiments were performed in duplicate. (a) Two samples
of 0.1 mg/ml mitochondria were incubated with 1 MuM dye until the
fluorescence signal stabilized. Ie. was determined using the excitation
and emission wavelengths listed in Table 1. (b) To one sample was then
added 30 MAl of 500M,M CCCP in SSB/EGTA and ICCCP was determined.
(c) Both samples were transferred into 1.5-ml microcentrifuge tubes
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TABLE 1 Dye partition Into mitochondria as a function of respiration

Fraction Bound

- + Reactive fraction, Quench factor, Figure of merit, Wavelength
Compound CCCP CCCP Fr e Fr(l-E) (excitation, emission)

DiOC2(3) 0.75 0.12 0.84 0.72 0.24 475,500
DiOC2(5) 0.93 0.29 0.69 0.08 0.64 560,590
DiSC2(3) 0.93 0.22 0.77 0.92 0.06 550,590
DiSC2(5) 0.97 0.66 0.32 0.11 0.28 640,670
Rhl23 0.57 0.00 1.00 0.39 0.61 470,525
Rh6G 0.80 0.10 0.89 0.59 0.37 530,550
RhB 0.13 0.11 0.16 1.00 0.00 540,575
RAB 0.11 0.05 0.50 1.00 0.00 550,580
Oxl 0.30 0.07 0.76 0.83 0.13 640,660
Ox4 0.02 0.02 0.00 1.00 0.00 610,625
NbA 0.43 0.42 0.01 1.00 0.00 625,670
CV 0.06 0.07 0.00 0.99 0.00 590,625
SafO 0.74 0.05 0.94 0.47 0.50 530,585
Th 0.20 0.20 0.00 0.89 0.00 600,620
PyY 0.84 0.19 0.77 0.28 0.56 550,570

See text for definitions.

and centrifuged at 14,000 g for 1.5 min. (d) The supernatant was

removed from each tube and their remaining fluorescence recorded as

Isup+ and Isup- for supernatants with and without addition of CCCP,
respectively. The fraction of dye uptake when the potential is present,
F+, was calculated as l(ISup_/Icccp), the fraction of membrane poten-
tial unresponsive uptake, F_, as I -(ISUp+ /Icccp), the fraction of total dye
binding which is potential responsive, Fr, as 1-(F_/F+). A figure of
merit for the dye as a fluorometric probe of membrane potential is given
as the product of Fr(I - E).

Calculation of fluorescence
quenching titration curves using
the Tomov expression
Tomov (13) modeled the quenching of fluorescence observed when a
fluorescent dye is added to respiring mitochondria by taking the
suggestion of Loew et al. (12) that the sequestration of the cationic dyes
into the mitochondrial matrix space takes place under the electropho-
retic force acting on the ion by its interaction with the transmitochon-
drial inner membrane potential. The higher local intramatrix concentra-
tion of dye forces dye aggregation and fluorescence quenching. Tomov
derived a theoretical expression which related the transmitochondrial
surface potential, E, to the concentration of suspended respiring mito-
chondria ([mito]), the concentration of fluorescent monocationic dye
added to the suspension ([DJ), the disaggregation constant of dye
self-association (KD,), and an observable, the degree of quenching of
dye fluorescence, E, upon addition of the respiring mitochondria. His
expression, rewritten using different symbols, is

E = 59 loglo {6(E(6(KDm/2[D])(1 6)) 1/2 1)} (1)

The units of the variables are E, millivolts; KDm and [D], molar. 6 is a

dimensionless ratio, equal to the mitochondrial matrix volume divided
by the total suspension volume. It is estimated as the product of [mito]
(milligrams per milliliter) and the volume of matrix per milligram of
mitochondria, assumed for our calculations to be 0.001 ml/mg as
measured by Harris and Van Dam (21).
Our purpose was to calculate e as a function of variation in either 6 or

[D], using the Tomov expression and an estimate of E, and KDm.
Rearrangement of Eq. 1 gives a quadratic in e:

c2 + Eb - b = 0,

where

b = (KDmb/2[D] )((10(E/59)/) + 1)2,

which is solved to yield e.

(2)

Calculation of fluorescence
quenching curves including the
effect of charge screening on
membrane potential
Heyer et al. (22) considered the effect of addition of amphiphilic
cations, to one side of a lipid bilayer, on the monactin mediated,
potassium ion conductivity across the bilayer, driven by a potential
difference expressed across it. Fig. presents a schematic diagram of the
components in their system redefined to act as analogue to the
mitochondrial inner membrane. Defined in the schematic are the
applied or ionic diffusion transbilayer potential (V), the potential
difference across the membrane proper (VM), and surface potential on
the mitochondrial matrix and cytosolic membrane faces, (I, and I',

respectively). These authors found that when they added amphiphilic
cations to the cytosolic compartment, the presence of an applied
membrane potential (negative on the matrix side) caused diffusion of
the amphiphilic cation to the bilayer surface of the matrix, where it
decreased the net negative fixed surface charge and thereby decreased
the matrix face surface potential. The altered matrix face surface
potential, when algebraically added to the cytosolic face surface poten-
tial and the electrode applied transmembrane potential, reduced the
potential across the membrane proper and decreased the transport of
monactin-K from cytosolic to matrix compartments.

Following their argument by analogy and with reference to the
definitions of Fig. 1, the potential difference across the membrane
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MATRIX
MEMBRANE

CYTOSOL

FIGURE 1 Electrostatics of mitochondrial inner membrane. V, applied
or measured potential; *mn surface potential of matrix face; *', surface
potential of cytosolic face, VM, transmembrane potential proper.

proper, VM, is expressed as

VM = V + (*M- c (3)

In the case of our work, V is either an externally applied potential or a

cationic diffusion potential. It is a fundamental assumption of the model
presented here that the diffusion potential is not altered by dye binding:
i.e., it is independent of the effects which occur at the membrane
surfaces. With this assumption, an alteration in surface potentials,
indicated by primes, will lead to an alteration in VM:

AVM = ('m' - 'Im) (' - c) (4)

As the cationic dye is introduced into the solution on the cytosolic side of
the mitochondrial membrane, it is electrophoresed inward toward the
matrix side. A much larger cationic concentration will reside near the
matrix face surface; hence, the effect on the matrix surface potential
caused by the addition of cationic charge to the fixed anionic surface
charge will be much greater than on the cytosolic side, ie. AIm >>A»,
and Eq. 5 may be simplified to:

AVM A- 'm = ('M' 'I'm) (5)

Heyer et al. (22) derived an expression for A.m as a function of the
avidity of the cationic amphiphile's potential independent partition into
the bilayer (13), the concentration of bulk monovalent cation in the
matrix aqueous compartment ([K]), and the initial anionic surface
charge density, ai. Their expression is rewritten with change in symbols
as:

AIm = 25.6[In {(2S0ad[D] + [K]

-(4So3aj[D][K] + [K]2)'12)/2(S0oBj[D])2[K] -1]. (6)

Our purpose was to utilize Eq. 6 to predict the effect of addition of
cationic amphiphilic dyes on the mitochondrial matrix surface potential.
Of first concern in utilizing Eq. 6 as a model of the mitochondria-dye
interaction, an appropriate value for the initial matrix face anionic fixed
charge, ao, must be assumed. We calculated it using the assumption that
the full effective membrane potential, VM, in mitochondria is expressed

solely by a sufficiency of anionic fixed charge on the matrix side (i.e.,
VM = 'I'm). A second major assumption of the model is that variation at
the matrix, not the cytosolic, surface potential is predominately respon-
sible for changes in transmembrane potential. In support, we find little
sensitivity of respiring mitochondrial uptake of Rh123 to increasing
potassium or sodium ion concentration up to 200 mM in the incubating
buffer (data not shown). Also, measurement of the mitochondrial
surface potential gives only slightly negative values, no greater than
-20 mV, which is little effected by the state of respiration (23, 24).
Thus, a monovalent cationic concentration [K] more typical of the
matrix space of mitochondria (25) has been used throughout the
calculations presented. Using a surface potential of -200 mV and
[K] = 0.1 M, solution of the Gouy-Chapman expression, 4A2a, = [K]
exp (-*,/kT) (26), for a, gives a value of 6.4 x 1014 charges/cm2. We
used this value in calculations. The partition constant, 13, was defined by
Heyer et al. (22) as:

a= ai- #[D],

where [D] is the total cationic dye concentration "at the membrane
surface," and a is the new anionic surface charge after partition into the
surface. The units of, are charges cm-2 M-'. Heyer et al. measured d
for the longchain quaternary n-methylaminoalkyl cations (QA) and
found them to range from 4.2 x 10'5 for nonyl-QA to 2.4 x 10'7 for
dodecyl-QA partitioning from aqueous phase into phosphatidylglyce-
rol/cholesterol (50%:50%) bilayers. There is evidence in the literature to
support the contention that the values of a for amphiphilic aromatic ions
into lipid bilayers is not much different than those for the quaternary
ammonium lipids studied by Heyer et al. If one assumes that =

(esu/cm2)/Kd, then a of 7 x 1018 esu Cm-2 M-' is calculated from a Kd
of 2 x 10-4M and 1 esu/70 A2 as reported by McLaughlin and Harary
(27) for the partition of toluidinylnaphthalene sulfonate into phosphati-
dylcholine bilayers. Likewise a of 3 x 1018 is calculated from the data
of Gibrat et al. (28) for partition of carbonyl p-trifluromethoxyphenyl-
hydrazone cation and 6.6 x 1015 for tetraphenyl phosphonium ion into
soy lecithin bilayers. S is a constant of proportionality which at 3000K
has the value 7.3 x 10-28 M cm4 per charge. As the units of S are

unusual, an explanation of its calculation is in order. Heyer et al. (22)
define S in a statement of the Poisson-Boltzmann equation for large
surface potentials in the presence of only uni-univalent salts as Sa, = [K]
exp (-*ie/kT). The Gouy-Chapmann expression (26) is written as

4A2ai = [K] exp (-'ie/kT), where Ij is the surface potential, e the
electron charge, k the Boltzmann's constant, and T the Kelvin tempera-
ture. Thus S = c4A2, where c is 1032 cm4 A-4 needed to convert the
length units of Angstroms in A to centimeters in S. Using a value of
135.1 for A at 3000K (tabulated in the review of McLaughlin and
Harary [26]), S is calculated to be as stated above.
The effect on the fluorescence quenching of adding increasing

cationic dye to constant mitochondria was modeled by assuming that the
addition of dye decreases the effective surface potential on the matrix
side by an amount calculated using Eq. 6. This surface potential change
causes a decrease in the transmembrane potential proper, which changes
the degree of concentration and aggregation of the dye in the matrix, as

reflected by a decrease in E of Eq. 2, i.e.,

E = E. + 25.6[In {(2S aio[D] + [K]

-(4Sar[D] [K] + [K]2)"/2)/2(S 13aj[D] )2[K] -'}], (8)

which, given ai, 1, and E., was solved for E as [D] was increased. The
value of E so obtained was inserted into Eq. 2 and the quenching
parameter, c, was computed.
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Determination of Langmuir binding
parameters and their use in
prediction of fluorescence
quenching titration curves

Apparent Langmuir binding parameters describing the uptake of dye by
mitochondria were extracted from fluorescence data using the method
of Bashford and Smith (29). The fraction of total dye added which is
bound to the mitochondria, C, is related to the fluorescence quenching
parameter, E, by:

C- (1 - 0)/(l - Eb), (9)

where Eb iS the maximal quenching of dye observed at infinite mitochon-
drial concentration. Eb is estimated from the titration data after quench-
ing as the mitochondrial concentration is increased, using the relation-
ship:

1/(1 - E) = 1/(1 - Eb) + Kd/((l - Eb)n[mito]), (10)

where Kd (M) is the dye to lipid Langmuir absorption constant, n is the
maximum number of moles of mitochondria dye binding sites per

milligram (mmol/mg), and [mito] is the milligrams per milliliter
concentration of mitochondria added at constant dye concentration. A
plot of (1 - e)-' vs. [mito]1 gives (1 - Eb)-' at the intercept. Once Eb

has been calculated, Kd and n can be determined from the relationship:

1/a = l/n + Kd/(n)[D]f, (11)

where a (mmol/mg) is the number of moles of dye molecules bound per

milligram of mitochondria added and [D]f is the free dye concentration
at equilibrium. a is calculated as [Dib/[mito], where [D]b (moles/liter)
is equal to C [DI, where C is the bound over total ratio calculated from
experimental data using Eq. 9. [D]f is calculated as (1 - C)[D], where
[D] is the total dye concentration added. A plot of a,' vs. [D]f- gives
n- I as the intercept and Kd/n as slope, from which Kd is calculated.

Increasing the dye/protein ratio above a certain level (see Fig. 7)
results in decrease of the dye binding; therefore, we performed the
determination of Langmuir parameters by holding the dye concentra-
tion constant at 1 MM and varying the amount of mitochondria added to
SSB/EGTA starting at a protein/dye ratio below that seen to effect the
maximal quenching and proceeding to higher amounts of protein added.
The Langmuir parameters thus obtained represent the situation at low
dye loads.

Having obtained estimates of Kd and n, we used a rearrangement of
Eq. 9 to calculate a prediction of e as [mito] or [D] is increased:

E= C(Eb - 1) + 1, (12)

where C was obtained from solution of a back transform of Eq. 1 1:

C2 C[1 + Kd[D]-'
+ n [mito] [D ] -'] + n [mito][D] - = 0

RESULTS

Dye titration with respiring
mitochondria
Curve A of Fig. 2 shows the effect of increasing the
concentration of succinate activated respiring rat liver

[mitol (pg/ml)

FIGURE 2 Comparison of observed and theoretical changes in fluores-
cence quenching of dye at constant concentration in SSB/EGTA upon
addition of mitochondria. (A and B) Observed upon addition of mito-
chondria to 1 AM Rh1 23 and 10 nM, respectively. (C and D) Calculated
using Eq. 7 with KD, = 7 x 10-5 M and E = -200 mV for dye
concentration of 1 gM and 10 nM, respectively.

mitochondria on the fluorescence quenching of 1 ,uM
Rh 123. An e of unity indicates no quenching occurred; a

fractional value indicates quenching. The downward con-

cave shape of the curve can be broken into three regions.
At low mitochondria concentration, the ratio of dye to
mitochondria is high, and all dye potential-dependent
bound dye is assumed to be quenched. On this leg of the
curve, the membrane potential-independent absorption of
the dye into the membrane will also be highest. As
mitochondrial concentration increases, a maximum level
of quenching is reached, reflecting some optimal partition
of dye into mitochondria for the expression of quenched
fluorescence. At mitochondrial concentrations above this,
an increasing sufficiency of mitochondrial volume dilutes
out the process causing quenching. Curve B in Fig. 2
resulted when Rh123 concentration was reduced to 10
nM and then titrated with mitochondria. Here, the gen-

eral shape is maintained, but the maximum quenching
decreases and the mitochondria concentration at maxi-
mum quenching shifts lower.
The Tomov equation (Eq. 2) was used to simulate

quenching as a function of mitochondrial concentration.
Fig. 3 A shows a family of curves of quenching factor as a

function of the log of mitochondrial concentration
obtained by solving Eq. 2 with the membrane potential
and cationic dye concentration added fixed at -200 mV
and 1 x 10-6 M, respectively, and the dye dimerization
disassociation constant, KDm, varied. As with the experi-
mentally determined curve of Fig. 2, there is a downward
concavity whose maximum position on the [mito] axis
does not move as KDm is decreased but rather its value
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FIGURE 3 Tomov equation. Theoretical fluorescent quenching vs. mito-
chondria concentration. KD,, dye disaggregation constant; E, trans-
membrane potential; [Dye], concentration of fluorescent cation added;
[mito], mitochondrial concentration. (A) Variation in KD,, E, and
[Dye] constant. (B) Variation in E, KD,, and [Dye] constant.

decreases (more quenched) and flattens the curve concav-
ity. Fixing KDm at 5 x 104 M (a value typical of the
cationic dyes investigated) and fixing [D] at 1 x 106 M,
a family of curves seen in Fig. 3 B is obtained as the
membrane potential assumed is intensified from - 150 to
-250 mV. Here the [mito] at maximum quenching
(minimum e) is seen to be a sensitive function of potential,
moving almost an order of magnitude for each 50-mV
change. Reduction of the [Dye] in the calculations simply
flattens and elevates the effects seen in Fig. 3.

Assuming a value for the membrane potential of - 200
mV, and [Dye] of I ,tM, a search was made for a value of
KDm which, when applied to Eq. 2, would match the
maximum degree of quenching (minimum e) calculated to
that observed for titration of 1 ,uM Rh 123 (Fig. 2, curve

A). Curve C of Fig. 2 was calculated with KDm = 7.0 x
10-5 M. It yields a slightly smaller quench factor mini-
mum value located at higher [mito] than that observed.
With this value of KDm, E = -200 mV and reducing the
[Dye] to 10 nM, Eq. 2 calculates curve D in Fig. 2. Here
we see major disagreement between theory and observed.
The theoretical minimum of e for the 10 nM case is
directly over that of the 1 ,tM case, although the depth
has been much reduced. The [mito] observed for 10 nM
dye titrated is shifted to lower [mito] than either the
observed 1 ,uM case (curve A) or the calculated 10 nM
case (curve D). The differences between theory and
observation must be due to other factors which either (a)

enhance the quenching at lower dye loading or (b) inhibit
the dye binding at higher dye to mitochondria ratios to a
degree greater than that predicted by the assumptions of
the Tomov theoretical treatment. The greater calculated
sensitivity of [mito] at maximum quenching to changes in
the membrane potential suggest that the binding of the
dye itself affects the membrane potential.
To test further the predictability of the Tomov expres-

sion, a group of dyes that possess differences in dimeriza-
tion constant were titrated with increasing amounts of
mitochondria (Fig. 4). The disaggregation constant of
PyY has been measured as 7.0 x 10-4 M (13), and for
DiSC2(5) as 1.5 x 10-5 M (30). Based on increased
aromatic and aliphatic surfaces in the structure of Rh6G
as compared with PyY, the disaggregation constant for
R6G is expected to be intermediate between that of PyY
and DiSC2(5), probably somewhere about that of thionin
reported to have a disaggregation constant of 2.8 x 10-4
M (31). Because of the close similarity between the
structures of DiOC2(5) and DiSC2(5), one would expect
them to have similar dimerization tendencies. The curves
of Fig. 4 confirm that the degree of maximum quenching
increases inversely proportional to the disaggregation
constant, as predicted: DiSC2(5) - DiOC2(5) > R6G >
PyY; 1.5 x iO-5< I X 10-4 (estimated) < 7.0 x 10-4 M.
PyY and Rh6G both demonstrate a maximum quenching
at -170 iAg/ml mitochondria added to 1 ,uM dye. For
DiOC2(5) the maximum quenching is shifted to -100
,ug/ml, and the concavity width is increased. A further
accentuation of maximal quenching is seen for DiSC2(5)
where the quenching is high and flat at low mitochondrial
concentrations. This behavior is not predicted by the
Tomov expression. We wondered whether the deviation in
observed vs. theoretical titration curves might depend on
the relative lipid solubility of the dyes. If lipophilicity

Imitol (jgiml)
100

FIGURE 4 Change in fluorescence quenching of dyes upon addition of
increasing amount of dye to 0.1 mg/ml mitochondria in SSB/EGTA.
Dye abbreviations given in Materials and Methods.

98 ipyia ora
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were high, quenching might be enhanced at lower mito-
chondrial concentrations because the net dye concentra-
tion at the lipid-aqueous interface where dimerization
occurs would be higher than expected.

Partition of dyes into mitochondria
as a function of membrane
potential
By gravimetric partition experiment, the extent of
cationic dye uptake that is both dependent and indepen-
dent of the presence of membrane potential was mea-

sured. Dye and mitochondrial concentration were held
constant at 1 ,M and 0.1 mg/ml, respectively, and the
amount of dye absorbed in the absence (membrane
potential present) and presence (membrane potential
collapsed) of 2.5 ,uM CCCP was determined by analyzing
the loss of dye fluorescence in the supernatant of the
suspension after pelleting the mitochondria by centrifuga-
tion (Table 1). As a control, the zwitterionic dye rhoda-
mine B (RhB) was included. The data indicate that both
DiSC2(5) and DiOC2(5) partition appreciably into mito-
chondria in the absence of a membrane potential to a

degree of 0.66 and 0.29, respectively, whereas Rhi 23 and
PyY only partition to 0.00 and 0.19 in the absence of
membrane potential. A reactive fraction was calculated
which represents the fractional uptake of the total dye
that is responsive to the presence of membrane potential.
Rh123, DiOC2(3), DiSC2(3), Oxi, and Rh6G all have a

reactive fraction >0.75, indicating that most of the parti-
tion is potential-dependent. Good potential-dependent
partition, however, does not necessarily equate to high
efficacy as a membrane potential fluoroprobe because the
degree of dye self-association within the potential reactive
fraction is a factor, as well as dye dark and phototoxicity
effects which may be present. We calculate (Table 1) a

figure of merit to reflect the relative utility of a cationic
fluorophore as membrane potential probe as the product
of the potential reactive fraction and the dynamic range

of quenching observed, (1 - e). The best probe should be
chosen to have a figure of merit as close to 1.0 as possible.
Reassuringly, those dyes that are routinely successful as

membrane potential fluoroprobes, PyY, Rh6G, Rh 123,
and DiOC2(5), all have a figure of merit >0.5. In
contrast, although greatly quenched upon partition,
DiSC2(5) contributes largely to the quenching associated
with potential-independent partition and thus has a low
figure of merit, 0.28. Oxazine 1, although showing good
partition with limited potential independent partition,
does not quench upon uptake. Oxazine 4 neither binds nor

quenches. Nile blue A, also an oxazine dye, partitions into
mitochondria in a fashion that is potential independent
and exhibits no fluorescence quenching. Its lipophilicity
reflects its use as a general stain for fat cells (2). The
peculiarity of the oxazines is not understood. They should
have dimerization constants comparable to the other dyes
tested. Possibly they are binding to some specific site
within the concentrated intramitochondrial space and are

kept from interaction, or are simply destroying the mem-
brane potential by poisoning the potential generating
machinery.
To investigate dye toxicity on mitochondrial respira-

tion, the rate of oxygen consumption of mitochondria
treated with dye was followed using a Clark's electrode.
Mitochondria were added to analysis buffer (10 mM KPi,
0.225 M sucrose, 5 mM MgCl2, 20 mM KCI, 20 mM
triethanolamine, pH 7.4) to a final concentration of 1

mg/ml. The basal rate of oxygen consumption prior to
other additions was measured. Then cationic dye was

added to a final concentration of 10 gM (yielding the
same dye/mitochondrial ratio as 1 uM/0. 1 mg/ml) and
the oxygen utilization rate followed for a period of time.

TABLE 2 Effect of cationic dyes on mitochondrial respiration

02 consumption rates* Significance*

Dye Basal + Succinate +ADP No. Respiratory control ratio of RCR

ng atoms 02/min/mg/ml rate + Succlrate + ATP
None 0.1 0.58 ± 0.12 2.7 ± 1.1 8 4.6 ± 2.1
Rh123 0.1 0.68 ± 0.20 1.4 ± 0.6 6 2.0 ± 1.1 P <0.05
Th 1.2 2.7 ± 0.50 4.3 ± 1.6 2 1.6 ± 0.7 P < 0.01
RhB 0.1 1.0 ± 0.40 3.9 ± 1.1 2 3.9 ± 1.9 NS
RAB 0.1 0.90 ± 0.20 2.8 ± 0.5 2 3.2 ± 0.9 P < 0.20
Ox4 0.1 1.1 1.4 1 1.3 Pt < 0.10
NBA 0.1 1.4 ± 1.5 2.0 ± 1.5 2 1.5 ± 1.2 P<0.05
CV 0.1 1.8 2.8 1 1.6 Pt < 0.10
DiOC2(3) 0.1 0.8 2.8 1 3.64 NS

Errors calculated following the method of Beers (32).
*Two-tailed t test (33) testing the hypothesis that the mean of the tested and control populations are equal.
tEstimated assuming the standard error of estimate is the average of the standard errors calculated for the other RCRs.
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Disodium succinate was then added to a final concentra-
tion of 10 mM and the rate of "state IV" oxygen
consumption rate was measured, after which ADP was
added to a final concentration of 400 ,M and the "state
III" oxygen consumption rate was measured. Table 2
shows the results of these experiments. The general effect
of dye addition on the rate of succinate limited respiration
(state IV) is to stimulate it. The effect of dye addition on
the rate of [ADP] limited respiration (state III) was
varied. Rhi 23 addition reduced the rate of oxygen con-
sumption to half the control value; addition of thionin,
however, appeared to double the rate. The respiratory
control ratios calculated show that they are either
reduced by the presence of the dye or leave it relatively
untouched. Thionin is unique in the fact that addition of it
alone stimulated the basal, presuccinated addition, and
the subsequent addition of reagents perpetuates this
stimulation. Dyes that appeared to poison mitochondria
to their uptake, CV, Ox4, removed respiratory control but
did not interfere with oxygen consumption.

Titration of mitochondria with dye
When mitochondrial concentration is held at 0.1 mg/ml
and Rh 123 is added in increasing amounts, e varies (Fig.
5). The points plotted represent observations, while the
dotted line is that predicted by the Loew-Tomov theory,
Eq. 2 solved using E = -200 mV, KD,, = 7.0 x 10-1 M,
and a mitochondrial concentration of 0.1 mg/ml. Clearly,
the observed relationship is not supported by theory. In
the Tomov theory, no limits exist for the amount of dye

that can be sequestered. An increase in the bulk dye
concentration continues to increase the intramitochon-
drial dye concentration in a proportional manner, causing
further dimerization and quenching.
As dye is added, the increase in e toward unity may be

modeled phenomenologically assuming that a Langmuir
isotherm absorption of dye to mitochondria is occurring.
This relationship relates the degree of dye binding to the
apparent equilibrium disassociation constant, Kd (molar),
and an apparent limiting number of binding sites, n
(moles per milligram). The low mitochondrial concentra-
tion leg of the quenching data was obtained upon titration
of dye with mitochondria (Fig. 2) and was analyzed by
the method of Bashford and Smith (29) (See Experimen-
tal Methods subsection). Fig. 6 A shows the double
reciprocal plot of (1 - E)-1 vs. [mito]- for binding of
1,uM Rh123 to increasing mitochondria. This plot in turn
was used to estimate a limiting quenching constant, Eb of
0.28. Using this value for calculation of a and free dye
concentration, Fig. 6 B was constructed to estimate a
dissociation constant, Kd, of 4.8 x 1O-' M and a capacity,
n, of 48 nmol/mg. With these estimated parameters, Eq.
12 was solved for increasing concentration of dye added
and yielded the solid curve of Fig. 5. Good agreement
between theory and observed data is obtained using these
estimated parameters. Similar analyses were performed
on the binding data for 10 nM RhI23, RH6G at 1 ,AM
and 10 nM, and DiOC2(5) at 1 ,uM (Table 3). The
dissociation constant is decreased in proportion to the dye
concentration by a factor of 10-2 (from 1 MuM to 10 nM
Rhi 23). This is expected from the Gouy-Chapman rela-
tionship, as the effective surface concentration of dye
delivered [D] is proportional to [DJ 10(-E/59). In compari-

8,
1.0 - [mitol = 0.1 mg/ml
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0.6 1
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FIGURE 5 Observed and theoretical changes of fluorescence quenching
upon addition of increasing amounts of Rh 123 to 0.1 mg/ml mitochon-
dria in SSB/EGTA. (+) Observed quenching. (Solid line) Theoretical
assuming Langmuir isotherm using Eq. 4 with Kd - 2.1 x 106 and n -

48 nmol/mg. (Dashed line) Theoretical using Eq. 2 with KD,, - 7 x
10-5 M and E- -200 mV.

B

10 20 30 40 10 20 30 40
Imito]-' (ml/mg) [Free Dye]-' (gM 'I)

FIGURE 6 Double reciprocal plots for estimate of Langmuir isotherm
parameters Kd and n for binding to Rh123 to mitochondria. (A)
Determination of limiting quenching factor, 6b. (B) Determination of Kd
and n. See Materials and Methods for details.
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TABLE 3 Summary of Langmuir Isotherm binding
constants

Concentration Dissociation Binding
Compound (AM) Constant, Kd Capacity, n

M nmoles/mg
Rhl23 1.0 4.8 ± 2.0 x 10-7 48 ± 6
Rhl23 0.01 5.0 ± 3.2 x 10-9 1.25 ± 2.2
Rh6G 1.0 1.8 ± 1.7 x 10-7 25 ± 11
Rh6G 0.01 3.4 ± 2.4 x 10-9 0.5 ± 1.6
DiOC2(5) 1.0 1.4 ± 2.2 x 10-7 55 ± 5

Errors represent estimates from the statistics of linear regression
analysis.

son, Rh6G titrated at 10 nM has a slightly higher
dissociation constant than 10'2 times the Kd at 1 ,M and
has a lower capacity for binding compared to 10 nM
Rhi 23. This suggests that some other modulator of the
interaction with mitochondria is in effect with Rh6G. The
Langmuir parameters are phenomenological, however,
and do not give an indication of the nature of the
saturation process. What is apparent is that the Waggon-
er-Loew-Tomov model is incomplete since prediction of
the binding of dye to mitochondria depends on a limiting
capacity for dye uptake.

Inhibition of Rh 123 binding by
other organic cation species
In order to probe the saturation effect more fully, we

measured the fluorescence quenching of 1 ,M Rh123 in
the presence of 0.1 mg/ml of mitochondria, as a function
of co-addition of increasing concentrations of other aro-

matic cationic dyes (Fig. 7). The dotted curve is the
self-inhibition of Rh 123 for a comparison point. Inhibi-
tion of Rh 123 binding generally correlates with the
partition observed for the dyes in the absence of mem-
brane potential (Table 1). The relationship is not perfect;
e.g., a greater inhibition of binding is expected for
DiOC2(5) than is observed. However, if the quenching of
Rh 123 fluorescence is assumed to be in proportion to the
size of the membrane potential, then the data suggest that
binding of another dye is itself responsible for a decrease
in effective membrane potential.
A theoretical model, a modification of the Tomov

approach, was developed in which the membrane poten-
tial becomes a function of the dye concentration added.
Support for this approach exists in work relating to the
interaction of cationic anesthetics with anionic and dipo-
lar lipid bilayers. Adsorption of a mobile lipophilic
cationic species to the aqueous-lipid interface area of
fixed anionic surface charged lipid bilayers reduces the
effective fixed anionic surface charge causing a decreased

FIGURE 7 Effect on fluorescence quenching of 1 MM Rh 123 added to
0.1 mg/ml mitochondria in SSB/EGTA by addition of increasing
amounts of other aromatic cations. Dashed line is for self-titration with
Rh 123 for comparison. Abbreviations given in Materials and Methods.

membrane potential (26). Heyer et al. (22) developed an

expression (Eq. 6) relating the change in surface potential
as a function of the partition coefficient of a lipophilic
cationic species entering the lipid, the bulk cationic dye
concentration, the surface density of anionic charge on
the bilayer, and the membrane potential prior to addition
of cationic absorbing species. Solution of Eq. 8 yields a

membrane potential, E, representing the new membrane
potential after the surface absorption of the mobile
cationic species, in terms of its original potential before
dye addition, E. (see Experimental Methods subsection
for details). The altered membrane potential, E, so

obtained is substituted into the Tomov expression (Eq. 2)
which is then solved for e. The relationship between
quenching parameter and the concentration of dye added
to a given mitochondrial concentration depends on three
estimable and potentially measurable physical constants:
the initial membrane potential, E., the partition coeffi-
cient of cationic dye lipophilicity, ,B, and the disaggrega-
tion constant for dye dimerization, KD,. Fig. 8 A shows a

family of curves of e vs. log[Dye] calculated in this
fashion as Eo and ,B are held constant at -200 mV and
1 x 10+`8 charges per cm2/M, respectively, and the
dimerization disaggregation constant is varied from 1 x

10-4 to 1 x 10-6 M. Theory predicts the observed increase
in quenching factor toward unity as dye concentration is
increased. As the disaggregation constant is varied, the-
ory predicts that as the tendency of dimerization
increases, e at low dye concentration decreases. Also
observed is that variation of KD., did not affect the dye
concentration at which the range of e is half-maximal. As
the cationic dye lipophilicity is varied, i.e., as is
increased from 1 x 1016 to 1 x 10"9 charges per cm2/M,
and where E = -200 mV and KD,, = 1 x 10-5 M are held

Bunting et al. Interaction Metrics and Mechanism of Fluorescent Cation Probes
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FIGURE 8 Heyer-Tomov equation, theoretical fluorescent quenching
vs. dye concentration. 6, cation/lipid partition constant; E., original
transmembrane potential; other symbols as defined in Fig. 3. (A)
Variation in KD,; other parameters constant as indicated. (B) Variation
in ,S, others constant. (C) Variation in E., others constant.

constant, the theory predicts the changes in e vs. log[Dye]
seen in Fig. 8 B. The case where cation is least lipophilic,
, = 1 x 1016, results in an evs. log[D] plot as predicted by
the Tomov theory (See Fig. 6, dashed curve). As the
cation lipophilicity is increased, theory predicts that e at
higher [D] begins to increase leading to a sigmoidal
shaped relationship between e and log [D]. The shape and
inflection points of c vs. log[D] are a sensitive function of
(3. Finally, theory predicts that as Eo is increased from
-l50to-250mV,keeping3= 1 x 10'8andKKD,= 1 x

lo-5, the depth, but not the shape factor of the E vs.

log[Dye] curve predicted is increased, as seen in Fig.
8C.

Again, a search for estimated parameters "which
yielded reasonable fit to experiment was performed. Fig.
9 demonstrates the results of this graphical search. Since
the degree of quenching was seen to be relatively unaf-
fected by change in value, a value of 1 x 10-5 M was

chosen as an estimate for KDm representing an average of

10

[Dye] jM

100

FIGURE 9 Tomov-Heyer equation, theoretical solutions compared to
observed data. (+) Observed for Rh123 titration of 0.1 mg/ml respiring
mitochondria. (Calculated A) Calculated: E. - -210 mV, KD - 1 x
10-' M, 3 - 2.5 x 10i' ch/cm2/M. (Calculated B) Calculated: E. -

-200, KD - 1 x I0-' M, ,B = 2.5 x 1017. (Calculated C) E. - -200,
KD=- I x IO-',, = 5 x 101.

the literature reported values for the cationic dyes. Using
this disaggregation constant, and a value of 2.4 x 10'7 for
A3, a value measured for partition of N-(tetramethyl)
dodecylamine into simple lipid bilayers by Heyer et al.
(22), the theoretical 'curve for the case where E. = -210
and -200 mV is seen as Fig. 9, A and B, respectively.
Although increasing E1 to a higher value than expected
did lift the E at low [Dye] closer to that observed, the
inflection point of the theoretical curve and the observed
do not match. Keeping KDm at 1 x 10-5 M, E. at a more

typical -200 mV but increasing ,B to 5 x 10" results in
Fig. 9 C. Here a fair match is obtained between theory
and observation. This is not a unique solution, but at
least one which uses reasonable first guesses of the
physical parameters involved.

DISCUSSION

A diagram depicting a possible model for the interaction
of cationic aromatic moieties with respiring mitochondria
which follows from the results is seen in Fig. 10. The dyes
are assumed to interact primarily with the lipid-aqueous
interfacial regions of the inner membrane. In A, in the
absence of a membrane potential (in the presence of
CCCP), the charge density is equal for fixed anions on

both the external and internal mitochondrial faces so that
no net transmembrane potential is generated. Under
these conditions, dye can partition into the outer surface
of the inner mitochondrial membrane with an apparent
association constant, K, to give a concentration of dye in
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FIGURE 10 Conceptual model of lipophilic cationic dye interaction with mitochondrial membrane. See text for details.
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the external face of the bilayer. A single dose estimate of
the value ofK can be obtained from the potential indepen-
dent partition of dyes given in Table 1. This gives the
number of moles of dye taken up by a 0.1 mg/ml sample.
After the initial high concentration of the entering cation
in a region just interior to the fixed anionic surface
charge, there is a barrier to diffusion to the matrix
surface. This barrier is the result of higher viscosity of the
lipid and a counter force on the mobile cation from a

positive dipole potential in the lipid interior. This positive
potential arises from the dipolar nature of the lipid heads
and the concentration of cationic charge in the double
layer at a Debye length into the aqueous phase from the
fixed anionic surface charge (34). With time the dye will
equilibrate at the faces depending on their relative solu-
bility on either side and the degree of aggregation forced
by the microenvironment.
The degree of fluorescence quenching will depend

primarily on the amount of dye sequestered into the
aqueous-lipid interface and the extent of dimerization,
which is assumed to be the necessary mechanism of
quenching. Inner filter effects on fluorescence owing to
the high local concentration of fluorophores potentially
offers another quenching mechanism, but calculations
using an average mitochondrial radius of 0.25 ,m as an

estimate of the "cell path length," 10 mM for the final
inner mitochondrial concentration of dye, extinction coef-
ficients typical of the dyes, and overlap of absorption and
fluorescence spectra suggest that <1% of the quenching
observed could be accounted for in this manner. The true
dimerization constant in the bilayer will most likely differ
from the dimerization constants measured for the dyes
diluted in aqueous medium of low ionic strength. That
dimerization does occur has been directly substantiated
by observation of dimerization in changes in both absorp-
tion and emission spectra of cationic amphiphilic chromo-
phores interacting with polarized lipid bilayers (11, 35).
A thermodynamic consideration of the effect of dye
sequestration into an environment which is lipidic and
possess a lower dielectric constant predicts that the
dimerization should decrease. Correlation between
observed titration data and theory give best fits with
disaggregation constants slightly smaller than those
reported for dyes in low salt aqueous media, however. It
appears then that the environment in which the major

degree of dimerization is occuring is primarily aqueous
with an ionic strength higher than that used for estimate
of these constants. This is most likely the aqueous matrix
space.

Fig. 10 B shows the result of generation of a membrane
potential by the respiratory system. A greater surface
density of anionic fixed charges is created on the matrix
surface than on the cytosolic. This generates a transmem-
brane potential as the difference between the two surface

potentials, negative inside. The dye at the cytosolic aque-
ous-lipid interface is electrophoresed across the bilayer
arriving at the matrix aqueous-lipid interface where it
either remains or dissociates into the aqueous matrix
space. The decrease in concentration at the cytosolic
lipid-aqueous interface is replenished by dye from the
incubation mixture. The initial partition constant, K, is
thus amplified so that the inner membrane concentration
of dye becomes [Dye]K(10E/59). This is the parameter
that is estimated by the Langmuir isotherm analysis
which is found to be sensitive both to the partition
constant and to the added dye concentration, as expected.
At the matrix aqueous-lipid interface the cations equalize
the fixed anionic surface charge generated, resulting in a

decrease in the transmembrane potential. A limit there-
fore exists to the amount of dye that can be taken up by a

given concentration of mitochondria, a fact observed
experimentally by fluorescence titration and modeled by
the combination of the equations of Tomov (13) and
Heyer et al. (22).
The combined Tomov-Heyer equations predict the

quenching ratio (e) as a function of estimable physical
constants of the system: the initial transmembrane poten-
tial, the initial charge excess on the matrix surface, the
dye disaggregation constant, and the partition constant
for amphiphilic cation into lipid, ,B (charges per cm2/M).

is the most difficult value to estimate because its
definition is in terms of the surface concentration of dye
necessary to negate a fixed matrix surface anionic charge.
Heyer et al. (22) measured values for, between 4.2 x

10'5 and 2.4 x 10'7 for nonyl to dodecyl N-tetramethyl-
amine into a phosphatidylglycerol cholesterol (50%:50%)
lipid bilayers. The mitochondrial system is more complex,
however, and it would be hard to expect for every mole of
dye absorbed into the mitochondrial system one mole of
inner matrix surface charge is negated. Some of the dye
will localize in regions where it is inaccessible to the inner
matrix surface charge. Thus, when ,B is estimated from
the potential independent partition data for DiSC2(5)
(Table 1) with the assumption that every dye molecule
sequestered into the mitochondria negates an inner
matrix surface charge, a value of of 1.8 x 1019 charges
per cm2/M is calculated, far greater than : measured for
the quaternary amino-alkanes. Assuming the larger value
for obtained by Heyer et al. for QA-alkanes, 2.4 x 1017
an effective fraction of total dye sequestered that reaches
matrix membrane surface is then estimated at 0.013.
Solutions of the Heyer-Tomov equations suggest that
(Fig. 9) a between 2.4 and 7.0 x 1017 (assuming KDm of
1 x 10- M, E. = -200 mV [36], and [mito] = 0.1 mg/
ml), yields an agreement between theoretical and
observed fluorescence quenching vs. [Rh 123] titration of
0.1 mg/ml respiring mitochondria. This value for is
more in general agreement with those reported or calcu-
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lated from reported partition data (27, 28). The data
acquired suggest that the ability of a given dye to alter
membrane potential is a function of lipid solubility, as

theoretically mirrored in the value of ft. This is suggested
in Fig. 7 by differences in the inhibition of Rhi 23 binding
by other dyes. The dye concentration of competing dyes
causing 50% inhibition of Rh123 binding correlates with
the degree of energy independent partition seen in
absence of membrane potential (Table 1). Rh6G, possess-
ing a greater partition into nonrespiring mitochondria
than does Rh 123, requires a smaller dose to inhibit Rh 123
binding than the relatively nonpartitioning oxazine 1.
Also, the Langmuir parameters obtained on respiring
mitochondria, compared at equal dye concentration of 1

,uM, show Rh6G more avid (Kd = 1.8 x 10-v) than
Rh123 (Kd = 4.8 x 10-v) (Table 2). This comparison
suggests that the membrane potential is reflected through
the potential independent partitionability of the dye. At
the same time, the maximum number of sites available is
lower (25 vs. 48 nmol/mg). The reduction in apparent
binding sites may be due to an earlier negation of
transmembrane potential by the more avidly incorporated
Rh6G per milligram of mitochondria added.
The comparison between the gravimetric partition of

cationic lipophilic dyes and the corresponding change in
fluorescence intensity (Table I) elucidates the parameters
that are important for the selection of fluorescent cations
optimized for reporting membrane potential changes. A
high degree of dimerization is essential for maximizing
the dynamic range of response upon alteration of mem-
brane potential. There is an upper limit to the aggregation
that can be practically used, however, because the dye
added external to the mitochondria should itself be pri-
marily in the monomeric state. Thus, dyes with disaggre-
gation constants of the same magnitude as the bulk
concentration will be 50% aggregated and so are not
expected to react to a potential change with fluorescence
quenching. Another requirement of a potential sensitive
fluoroprobe is a reasonable (but not too high) partitiona-
bility into the mitochondria aqueous-lipid interface in the
absence of a membrane potential. Should the dye have no

lipid partitionability, the membrane potential would
allow only for the concentration of the dye in the cationic
double layer at the cytosolic surface of the mitochondrial
membrane. That volume is not limiting, however, and it is
hard to imagine that the conditions would prevail for
dimerization of many molecules. If, on the other hand, the
potential independent partition is too high (as with Nile
blue A), then either the membrane function may be
disrupted entirely, or sufficient anionic surface charge is
negated so that the effective membrane potential is
substantially decreased. Once a dye is sequestered into
the aqueous-lipid surface area, it may bind to other
elements there so that dimerization and quenching of the

dye is not seen, e.g., DiSC2(3). Although its binding has a

high fraction of potential dependent uptake, the interac-
tion yields no measurable quenching. Other dyes, such as
oxazine 4 and thionin, neither bind nor quench.

Uptake of dye has direct effects on the function of the
respiratory activity (Table 2). Our own observations
confirm earlier more complete analysis of the effect of
cationic dye addition on the inhibition of oligomycin-
sensitive ATPase performed by Mai and Allison (37).
They found that some of the dyes exhibit uncoupling
activity when added to intact rat liver mitochondria,
stimulating both state IV respiration and latent ATPase
activity. We find in agreement that all dyes stimulate
state IV respiration at a 10 uM/mg dye to mitochondria
ratio and that in general they uncouple respiratory stimu-
lation upon addition of ADP. Some dyes (CV, Ox4,
NBA) completely uncouple respiration from phosphory-
lation, but without major alteration of respiratory rate.
One mechanism to account for these effects is via the
alteration in the transmembrane potential which appears
to occur as dye is added. Since FOFIATPase requires a

transmembrane potential as the major component of
protomotive force for proper operation, reduction of the
membrane potential by the cationic dye would be
expected to affect the ATPase activity. To support this
contention, some correlation is seen between the concen-
tration of dye necessary to half-maximally inhibit
F0F1ATPase (Table I in Mai and Allison) and the concen-
tration of dye necessary to reduce Rhi 23 uptake by half
(Fig. 7).

Finally, a consideration of alternative explanations for
the saturability and toxicity of cationic dye binding to
mitochiondria is in order. As stated, a major assumption
of the model presented is that the ionic diffusion potential
is not altered by the addition of dye. It is not clear exactly
how the diffusion potential, if any, is created in the
mitochondria. Similarities in the concentration of potas-
sium ion in matrix and cytosol (25, 38) argue against its
being the ion whose diffusion sets up the diffusion poten-
tial. Possibly calcium ion creates this potential; however,
it is known that the matrix concentration of free diffusible
calcium ion is kept very low, even lower than the
surrounding cytosol, requiring ATP-activated ports for
externalization of the ion from the matrix to cytosol (39).
Thus it is not clear how its diffusion across the mitochon-
drial inner membrane could be created by Ca outward
flux. It is observed that addition of calcium ions to SSB
buffer suspensions of mitochondria causes displacement
of cationic dye binding in a fashion indicative of competi-
tive inhibition (40, data not shown). Thus calcium ion
concentration differences across the mitochondrial mem-
brane appear to modulate the apparent membrane poten-
tial. In the experiments presented, EGTA was present in
the medium to maintain a low level [Ca] in the cytosolic
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compartment. Under these conditions and in the presence
of nontoxic Rh 123, the dye binding is seen to be constant
for up to 5 h. It is possible that continued addition of dye
in some way affects the diffusion of Ca so as to alter the
diffusion potential. To rule out this possibility would
require measurements of calcium efflux as a function of
dye addition. However, it is hard to see how a change in
nonlipophilic cationic flux could be modulated so com-
pletely by the addition of a lipophilic species except by
alteration of the lipid structure so as to short-circuit the
calcium-membrane resistance. If this were the case, the
dye should very rapidly cause loss of internal calcium in
short order followed by total collapse of the membrane
potential when all internal calcium has leaked out to the
system as is seen when valinomycin is added to mitochon-
dria suspended with dye in SSB having low [K]. We do
not observe such an effect. Once a particular concentra-
tion of dye has bound to the mitochondria, even if it is at a
self-inhibitory concentration, the observed quenching,
ergo the membrane potential, is stable in SSB/EGTA for
many hours. Although these arguments do not rule out
the possibility of modulation of diffusion potential, they
do raise questions that need to be answered.
The model presented here may be useful toward the

organization of observations of dark and phototoxicity of
amphiphilic cationic dyes used as photodynamic thera-
peutic agents. For example, Rh6G is known to exhibit
significant cellular dark toxicity as compared to Rh123 at
equal incubation doses (41), but the reason for such
differences was not clear, as both are apparently well
sequestered. The observations above suggest that a
greater membrane potential-independent partition for
Rh6G than Rh123 results in a greater reduction of
membrane potential and a longer effect of the more
lipophilic molecule on the membrane function. With the
identification herein of measurable parameters of
cationic lipophilic species' interaction with mitochondria,
a correlation of photodynamic activity of the dyes with
these parameters may give a deeper understanding of the
mechanisms of photodynamic action.
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