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Abstract

Nanosecond fluorescence decay characteristics of the calcium-binding probe Quin2 and two of its cation complexes were
examined by time-resolved fluorescence spectroscopy. Binding of Ca2q and Cd2q resulted in fluorescence lifetime

Ž² : . 2qenhancements as compared to that of free Quin2 t s0.9 ns . The Quin2–Ca complex displays a monoexponential
decay of ts7.4 ns, while the cadmium complex gives an average decay time of ca. 4 ns. Lifetime measurements made on
heterogeneous cationic solutions demonstrate that decay times for individual complexes can be retrieved. Time-resolved
measurements were used to monitor the kinetics of ionomycin-mediated calcium and cadmium transport across artificial
membranes. Fluorescence decays, collected on the time-scale of seconds, were sufficient to measure individual ion fluxes or
those of mixtures into liposomes. The combination of steady-state and time-resolved fluorescence techniques offers the
unique advantage of simultaneously detecting other cations in the presence of calcium. q 1998 Elsevier Science B.V.
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1. Introduction

Applications of fluorescence probes for quantita-
tion of calcium in solution, model membranes, and

w xliving cells are well documented 1–10 . Fluo-
rophores that chelate calcium including Quin-2,
Fura-2, and Indo-1 have been of particular value
w x11,12 . Although some of the popular probes also
bind to proteins with changes in spectroscopic prop-
erties, these signals can usually be differentiated
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wfrom those associated with binding to calcium 13–
x15 .
Spectroscopic probes can also be utilized to assay

w xfor other cations in biological systems 16–23 . For
example, the deleterious toxicological effects of ions
such as Pb2q and Cd2q have been investigated
w x17,20,23–26 . However, usually measurements of
cations have been limited to the detection of individ-
ual ion species rather than to the measurement of
multiple ions simultaneously. Previous attempts have
been made to measure calcium and pH simultane-

w xously using two different probes 27 while other
efforts have focused on studying the movement of

w xtwo cations with a single probe 17 .
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In order to develop a technique capable of moni-
toring multiple-ion movement, model liposome sys-
tems have been employed. The liposome-entrapped

w x w xprobes arsenazo III 28–31 , Fura2 9,32,33 and
w xQuin2 8,17 , have been used previously to study

calcium transport across artificial membranes.
Ionophores such as ionomycin have been used to
simulate cation fluxes since they insert into natural,

w xas well as artificial membranes 7,32,33 . Fluores-
cence detection of multiple cations and their move-
ment relies on the unique fluorescence characteristics
produced by each cation complex. Measurements
may be limited by data acquisition time, the ability
to adequately resolve small changes as well as reso-
lution of changes unique to cation concentration
changes from other environmental perturbations.

Time-resolved fluorescence techniques are advan-
tageous over steady-state fluorescence methods since
they provide an additional dimension to the data and
may be used to simultaneously detect multiple
cations. The chemical system need not be perturbed
by addition of other ions or chelators. For example,
in work with some cell lines, steady-state fluores-
cence detection of calcium requires the addition of
heavy metal chelators to remove Zn2q which would

w xotherwise interfere with the measured signals 34 .
Cation complexes exhibiting unique fluorescence de-
cay times can be resolved without perturbation of the
intracellular milieu by addition of chelators. Methods
that can identify and quantitate other cations in the
presence of calcium also provide a relatively simple

w xalternative to the use of radioactive isotopes 35,36 .
Development of data acquisition and analysis associ-
ated with time-resolved techniques enables rapid data
collection, e.g., on the time-scale of seconds, as well
as increased resolution.

Quin2 possesses favorable fluorescence lifetime
w xchanges upon binding 37–42 . These changes can

also be used to simultaneously monitor other cations
using Quin2 or other fluorescent calcium chelating

w xprobes 39,41–49 . Additional information can be
gained by the combination of steady-state and time-
resolved fluorescence; the latter not only identifies
cation complexes, but also provides a useful method
for quantitation. In the present paper, we describe the
use of nanosecond time-resolved fluorescence to in-
vestigate the kinetics of the ionomycin-mediated
transport of calcium and cadmium into Quin2-loaded

liposomes. This method demonstrates the value of
time-resolved fluorescence to simultaneously mea-
sure multiple cation transport.

2. Materials and methods

2.1. Materials

Quin2 and 1-palmitoyl-2-oleyol-sn-glycero-3-
Ž .phosphatidylcholine POPC, purity ) 99% were

Ž .purchased from Calbiochem San Diego, CA . The
Ž .source of Tris ultrapure was United States Bio-

Ž .chemical Cleveland, OH . EGTA, ethylenebis
Ž .oxynitrilo tetraacetic acid, was obtained from

Ž .Aldrich St. Louis, MO . Cadmium chloride, zinc
chloride, and calcium chloride were Baker-analyzed
reagents. Calcium calibration buffers used for cal-
cium titrations were obtained from Molecular Probes
Ž .Eugene, OR .

2.2. Liposome preparation

POPC, 130 mg, was hydrated in 10 mM Tris, pH
7.2, 5 mM Quin2, and 0.1 M KCl. To increase the
Quin2-trapping efficiency, the lipid solution was

w xfrozen, thawed at 378C, and vortexed 50,51 . The
cycle was repeated four times. The lipid suspension
was extruded using a 10-ml thermobarrel extruder

Ž .from Lipex Biomembranes Vancouver, BC at 2100
Ž .kPa 350 psi and 378C. The barrel contained two

Ž .Nucleopore 25 mm polycarbonate filters 0.1 mm
and a 25-mm PE drain disk. These extrusion proce-
dures generated large unilamellar vesicles with rela-

w xtively high dye-entrapping efficiencies 50–53 .
Non-entrapped Quin2 was removed by passing the

Ž .liposome preparation over a Sephadex PD10 G25M
column which was pre-equilibrated with 10 mM
Tris, pH 7.2, and 0.1 M KCl buffer. The liposomes
were eluted from the column using the same buffer.
The void volume of the column was 3 ml, deter-
mined by the elution of blue dextran. Non-entrapped
Quin2 eluted from the column at approximately 9
ml. The first 2.4 ml of eluant was discarded. Eluant
containing the Quin2-loaded liposomes was collected
from 2.4 to 4.2 ml. This solution was diluted in 10
mM Tris, pH 7.2, 0.1 M KCl buffer for fluorescence
measurements. Experiments were performed above
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Žthe lipid phase transition temperature q3 to y58C
w x.54 .

2.3. Time-resolÕed fluorescence measurements

Fluorescence decay measurements were made us-
ing a time-correlated single photon counting instru-
ment. The pulsed light source was a frequency-dou-
bled output from a cavity-dumped dye laser, which
was synchronously pumped by a frequency-doubled

Žoutput from a mode-locked Nd:YAG laser Spectra
.Physics Series 3000, Mountain View, CA . The dye

Ž Ž .laser contained DCM 4- dicyanomethylene -2-
Ž .methyl-6- p-dimethylaminostyryl -4H-pyran; Ko-

.dak dye to produce the desired excitation wave-
length with optimal intensity. The dye laser was
cavity-dumped at a frequency of 4 MHz. The
cavity-dumped beam was frequency doubled to ex-
cite the sample at 325 nm. The frequency-doubled
light passed through a Corning C7-54 filter to re-
move any light that was not frequency-doubled. The
emission path contained a magic angle polarizer
Ž .54.78 , as well as an HT10 1200 vis grating mono-

Ž .chromator ISA Instruments SA, Edison, NJ with 1
Ž .mm slits 8.5 nm spectral half bandwidth . Fluores-

cence emission was detected through both emission
filters and a monochromator. The high degree of
filtering provided by this combination resulted in no
measurable scattered light component. Fluorescence
was measured using a microchannel plate detector.
The signal was electronically processed as described

w xpreviously 55 . The functioning of the instrument
was verified using an anthracene standard in ethanol
Ž .ts4.2 ns . The sample holder and emission mono-
chromator were under stepper motor control and
allowed alternating measurements between a ludox

Ž . Žscatterer l s325 nm and the sample l s490em em
.nm . The sample temperature was maintained using a

Neslab TEQ temperature controller and PBC4 bath
cooler.

2.4. Kinetic data acquisition and analysis

Kinetic fluorescence decay measurements on the
time-domain instrument were made using the previ-
ously described kinetic collection program KINDK
w x Ž56 . A total of 350 decay curves 2048 channels in

.each curve were collected at 5-s intervals. Because

of the short acquisition time, the amount of informa-
tion contained in a single decay curve was insuffi-
cient to recover both lifetimes and preexponential
factors; by the use of the global analysis, we over-
came this problem. The data from all decay curves
were fit simultaneously using the following model
function:

Nsp

Ž live.R t sDT = I T =S t 1Ž . Ž . Ž . Ž .Ým m i m i
is1

Žwhere t is the time after the laser pulse nanosecond
. Ž .scale , T is the slow kinetic time-scale in seconds ,

Ž .R t is the decay curve collected during the intervalm

from T to T qDT Žreal., T sm=5 s, DT Žreal.s4.2m m m

s is the real time of data acquisition, DT Žlive. is them
Ž Žlive. Žreal.live time of data acquisition DT equals DTm

less the dead time of the multichannel analyzer, 3.02
Žlive. .sFDT F3.72 s , N s3 is the total number ofm sp
Ž 2q 2q.species Quin2, Quin2–Ca , and Quin2–Cd , Ii

is the fluorescence intensity contributed by the
Ž .species number i, and S t is the decay of thisi

species.
The decays of individual fluorescent species are

the convolutions of the apparatus response function
Ž . Ž .A t with the d-excitation decays D t :i

`
X X XS t sA t mD t s A ty t =D t d tŽ . Ž . Ž . Ž . Ž .Hi i i

0

2Ž .

Ž .The apparatus response function A t contains
contributions from the excitation pulse width, from
the dispersion in the photon transit time in the
emission monochromator, from the dispersion in the
electron transit time in the microchannel plate photo-
multiplier, and from the noise in electrical amplifiers
and discriminators. The apparatus response was de-
termined experimentally prior to and after the fluo-
rescence measurement using a scatterer in place of
the fluorescence sample; the width of the apparatus
response at half-maximum was 65 ps.

Ž .In order for every I in Eq. 1 to be the absolutei
Ž .fluorescence intensity, the functions S t must bei

normalized to unit integrals,

q`

S t d ts1Ž .H i
y`



( )K.M. Hirshfield et al.rBiophysical Chemistry 71 1998 63–7266

An integral from y` to q` of a convolution of
two functions equals the product of integrals of the

Ž .two functions. The function A t was normalized to
Ž .a unit integral, therefore the functions D t alsoi

have to be normalized to unit integrals:

`

D t d ts1Ž .H i
0

For the species whose decay is single-exponential
Ž 2q.such as Quin2–Ca the above normalization con-
dition results in the preexponential multiplier 1rt i
Ž .where t is the lifetime ,i

1
D t s exp ytrtŽ . Ž .i i

t i

For the species whose decay is multi-exponential
Ž .such as free Quin2 the following equation was used

ni fi j
D t s exp ytrt 3Ž . Ž .Ž .Ýi i j

t i jjs1

Ž .In Eq. 3 , n is the number of exponentialsi

associated with the species i, whereas t and f arei j i j

the lifetime and the fractional intensity contribution
for the exponential number j. To satisfy the normal-
ization condition, the sum of all fractional intensities
corresponding to one component must equal unity.

Ž .Eq. 3 can also be used for the species whose decay
is single-exponential; in this case n s1 and f s1.i i1

The model function obtained by combining Eqs.
Ž . Ž .1 – 3 was used to simultaneously fit the family of
350 decay curves obtained in one kinetic experiment.
The model function is linear in the 3=350s1050

Ž .local fitting parameters I s I T . In this work, weim i m

used the program L_GLOBAL, which takes advan-
tage of the fact that the model function is linear in
the local parameters I and nonlinear only in theim

global parameters f and t , the count of which didi j i j

not exceed 10. At each iteration the program ex-
presses the linear parameters as functions of the
nonlinear parameters, which reduces the dimensions
of the Hessian matrix from 1060=1060 to 10=10.
The time it takes to invert a matrix is proportional to
the third power of its dimensions, therefore the gain

Ž .3in the speed of computations is 1060r10 , i.e.,
approximately a million times as compared to a
regular nonlinear least-squares program.

The main outcome of the global analysis de-
Ž .scribed above were the three functions I T , whichi

describe the slow kinetics of the absolute fluores-
Ž .cence intensities associated with free Quin2 is1 ,

2q Ž . 2q Ž .Quin2–Ca is2 , and Quin2–Cd is3 . In
the absence of the inner-filter effect the fluorescence

Ž .intensities I T are proportional to the concentra-i
Ž .tions C T of individual chemical species:i

I T sP C T 4Ž . Ž . Ž .i i i

where the coefficients P are the products of fivei

factors: the exciting power, the extinction coefficient
of the species i at the exciting wavelength, the
quantum yield of the species i, the shape of the
emission spectrum of the species i, and the spectral

Ž .sensitivity of the registration system. In Eq. 4 we
implicitly assumed that none of these factors varies
with time.

Ž .The system of Eq. 4 with is1, 2, 3 represents a
system of three equations with three unknown coeffi-
cients and three unknown functions. If the total
concentration of Quin2 is unknown, then the solution
of this system is ambiguous. In the case where the
total concentration is conserved in the course of one
kinetic experiment, the solution can be made unam-
biguous by switching from the absolute concentra-

Ž . Ž .tions C T to fractional concentrations F T :i i

F T sC T rC 5Ž . Ž . Ž .i i TOT

Nsp

C s C T 6Ž . Ž .ÝTOT i
is1

Ž .By introducing new coefficients Q s1r C =P ,i TOT i
Ž .Eq. 4 can be transformed to

F T sQ I T 7Ž . Ž . Ž .i i i

Ž .A combination of the system of Eq. 7 with the
obvious constraint

Nsp

F T s1 8Ž . Ž .Ý i
is1

makes the solution unambiguous provided that the
Ž .functions I T are linearly independent. Note, thati

Ž .in the case of just two species, if the functions I Ti

change at all, then they are linearly independent. In
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Ž .the case of three species, the functions I T arei

linearly independent only if the concentrations of
Ca2q and Cd2q inside liposomes are not changing
proportionally to each other, i.e., if the diffusion
coefficients for entry of the two ions into liposomes
are different. The coefficients Q can be found byi

minimizing the sum
2NN spCURV

SSQs 1y Q I T 9Ž . Ž .Ý Ý i i m
ms1 is1

Ž .The plain sum of squares SSQ in Eq. 9 was
minimized using the method of linear least squares;
the coefficients Q played the role of the optimizedi

parameters. Once the coefficients Q were deter-i

mined, they were used to calculate the fractional
Ž .concentrations F T using the system of equationsi

Ž Ž ..Eq. 7 .
The coefficients Q and P change when the totali i

Quin2 concentration andror the laser intensity
changes; however, the proportions between these
coefficients remain the same as long as the excitation
wavelength, emission wavelength, temperature, and
buffer composition remain unchanged. In this con-
nection, it is convenient to define the ratios

P Qi 1
E s s 10Ž .i P Q1 i

The ratios E will be referred to as the fluores-i
2q Ž .cence enhancements upon binding Ca E and2

2q Ž .Cd E . By definition, E s1, i.e., the fluores-3 1

cence enhancement of free Quin2 equals unity. The
fluorescence enhancements can be also measured in
independent steady-state experiments, where saturat-

Ž 2q 2q.ing amounts of individual ions either Ca or Cd
are added to the sample originally containing only
free Quin2. In practice, however, such experiments
might be difficult to carry out because of the back-
ground Ca2q concentrations in deionized water and
in the chemicals used in the buffer preparation.

3. Results and discussion

3.1. Time-resolÕed fluorescence of Quin2 and its
cation complexes in solution

The steady-state fluorescence characteristics of
Quin2, a chromophoric analog of the chelator EGTA,

change upon cation chelation. Since fluorescence
lifetimes are highly sensitive to probe environment,
different cation complexes are expected to display
unique decay times. Using instrumentation with
nanosecond time resolution, one can separate the
signals from individual ion complexes; this is not
always possible with steady-state spectroscopy.
Time-resolved fluorescence measurements of Quin2
have been described previously using frequency-do-

w x wmain 42,43 and time-domain instrumentation 37–
x41,49 . Fig. 1 depicts the fluorescence decay of

Quin2 in the presence of calcium as measured with
time-domain instrumentation. The intensity decay
was well described by a monoexponential decay,
ts7.4 ns. A x 2 of 1.1, together with the residuals
and autocorrelation of the residuals as shown in Fig.
1, indicate that a monoexponential decay is an ade-
quate fit for the fluorescence decay curve of the
Quin2–Ca2q complex.

Ž . Ž .The fluorescence decays of a free Quin2, b
2q Ž . 2qQuin2–Ca , and c Quin2–Cd at 378C are shown

in Fig. 2. In the absence of excited-state chemical
reactions, the shape of the fluorescence decay of
each fluorescent species is independent of the con-
centrations of Quin2 and the divalent ions; however,
the relative concentrations of the three species de-
pend on the concentrations of Quin2 and the ions.
Under the conditions of Fig. 2, one species was
present at a time. The visual differences between the
observed decays for these complexes indicate that
each complex displays a unique decay. Binding of
Ca2q and Cd2q resulted in fluorescence lifetime
enhancements as compared to that of free Quin2
Ž² : . 2qt s0.9 ns . The Quin2–Ca complex displays a
monoexponential decay of ts7.4 ns while the cad-
mium complex gives an average decay time of ca. 4
ns.

3.2. Dynamic measurements of Quin2-loaded lipo-
somes

Fluorescence lifetime measurements were made
on Quin2-loaded POPC liposomes and those that
were treated with calcium, cadmium, and ionomycin.
Quin2 entrapment in lipid vesicles did not have any
significant effects on its fluorescence properties. The
intensity enhancements evoked by the addition of



( )K.M. Hirshfield et al.rBiophysical Chemistry 71 1998 63–7268

Fig. 1. Fluorescence decay of Quin2 in the presence of Ca2q at 378C: experimental data and fit by the convolution of a single exponential
Ž . Ž .ts7.4 ns with the apparatus response function of 65 ps FWHM . The figure also shows weighted residuals and autocorrelation of
residuals. The solution contained 17 mM Quin2, 150 mM Ca2q, 100 mM KCl, and 10 mM Tris at pHs7.2.

calcium and ionomycin to Quin2-loaded liposomes
were the same as those seen in solution upon addi-
tion of calcium. Cation-specific lifetime changes were
seen when both calcium and cadmium were added to
Quin2-loaded liposomes. The ability to detect unique
lifetimes made it possible to simultaneously monitor
the movement of the two ions into the Quin2-loaded
liposomes in the presence of ionomycin.

Since the Quin2–Ca2q and Quin2–Cd2q com-
plexes display unique fluorescence decays compared
to free Quin2, it was of interest to know if these
spectral characteristics could be used to monitor the
individual and simultaneous movement of calcium
and cadmium into Quin2-loaded liposomes. To ac-

complish this, fluorescence decay curves were ob-
tained at 5-s time intervals on Quin2-loaded lipo-
somes as described in Section 2. The data were
analyzed in terms of three components associated
with free Quin2, Quin2–Ca2q and Quin2–Cd2q.
The global analysis of the data set resulted in the
reduced x 2 of 0.976. Fig. 3 represents the changes
in the absolute intensity contribution from each

Ž .component. Initial measurements Ts0 were made
on Quin2-loaded liposomes alone. Calcium and cad-
mium were added to the liposome solution at Ts100
s, followed by addition of ionomycin at Ts200 s.

The initial decay curves collected on Quin2-loaded
liposomes alone, indicate that the largest contributor
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Ž .Fig. 2. Peak-normalized fluorescence decays of Quin2 at 378C a
Ž .in the absence of divalent ions, b in the presence of 150 mM

2q Ž . 2qCa , and c in the presence of 50 mM Cd . The concentration
Ž . Ž . Ž .of Quin2 equals 40 mM in a and c and 17 mM in b .

to the fluorescence intensity is associated with free
Ž .Quin2 average lifetimes0.9 ns . The nonzero in-

tensity contribution from Quin2–Ca2q observed be-
fore the addition of the ions to liposome solution is
attributable to background levels of Ca2q in the
buffer solution. Since the intensity from the complex
of Quin2 with the background Ca2q is only 1r10 of
the intensity of free Quin2, while the fluorescence
intensity per mole of Quin2–Ca2q is about 7 times
greater than that per mole of free Quin2, the molar
concentration of Ca2q-bound Quin2 before the addi-
tion of the ions is only about 1.5%.

When the two cations are added in the absence of
the ionophore to the liposomes at Ts100 s, there is
a slight increase in the fluorescence intensity associ-
ated with the cadmium complex. There is also a
small decrease in intensity associated with the free
Quin2 component. This is due either to cadmium
entering the liposomes, or to cadmium complexation
with Quin2 located externally to the liposome mem-
brane. Upon addition of ionomycin at Ts200 s, the
intensity contribution from the calcium complex rises
slowly until it reaches a peak of 18,500 photonsrs
by 500 s. Likewise, as the contribution from the
calcium complex increases, there is an associated
decrease in the intensity contribution of free Quin2.

Ž .Curve c shows the appearance of intensity due to
the Quin2–cadmium complex.

It is of interest that the total intensity increases
after addition of ionomycin. The total intensity then
declines after about 500 s. The cadmium complex
has a lower fluorescence intensity per mole than
does the calcium complex. The decreasing intensity
is attributable to the competitive binding of cadmium
to Quin2. There is clearly a change in the intensity
contributions of each component as a function of
time. The intensity of free Quin2 decreases as the
signal due to the calcium and cadmium complexes
increases. The intensity contributions for the cad-
mium complex increase throughout the time course
of the experiment. The intensity contributions for the
calcium complex rises initially and then declines as
the emission of the cadmium complex dominates.

Fig. 4 indicates the changes in the concentrations
of free Quin2, Quin2–Ca2q, and Quin2–Cd2q as a
function of time after injection of Ca2q and Cd2q

followed by injection of ionomycin as indicated by
the arrows. Fluorescence intensities associated with
specific species are proportional to the concentra-
tions of these species, the coefficients of proportion-
ality being different for different species. In order to
calculate the fractional concentrations of different

Ž . Ž .Fig. 3. Kinetics of fluorescence intensities of a free Quin2, b
2q Ž . 2qQuin2–Ca , and c Quin2–Cd . Arrows denote the injections

Ž . 2q 2q Ž .of 1 Ca qCd and 2 ionomycin. Conditions described in
w 2q x w 2q x w xtext. Ca s15 mM, Cd s3.33 mM, and ionomycin s4.3

mM.
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Ž . Ž .Fig. 4. Kinetics of molar fractions of a free Quin2, b Quin2–
2q Ž . 2q Ž .Ca , and c Quin2–Cd . Arrows denote the injections of 1
2q 2q Ž .Ca qCd and 2 ionomycin.

forms of Quin2 at each time, we used the following
equation:

I rEi i
F s 11Ž .i 3

I rEÝ j j
js1

where F is the fractional concentrations of the threei
Žforms of Quin2 is1 for the free-form, is2 for the

Ca2q-bound form and is3 for the Cd2q-bound
.form , I is the absolute fluorescence intensities as-i

sociated with these forms, E s1, while E s7.21 2

and E s1.2, which denote fluorescence intensity3

enhancements resulting from the formation of
Quin2–Ca2q and Quin2–Cd2q complexes. The ki-
netics of the fractional concentrations F calculatedi

Ž .according to Eq. 11 is shown in Fig. 4.
The concentration of free Quin2 declines after

addition of the ionophore while the concentrations of
the cadmium and calcium complexes of Quin2 in-
crease. The concentration of the calcium complex
reaches a peak after about 500 s and then declines as
the concentration of the Quin2–Cd2q complex con-
tinues to increase.

Fig. 5 shows the fluorescence decay integrated
over three different time windows of the cation
influx kinetic experiment used to generate the data

Ž . Ž .shown in Fig. 3. Curve a Fig. 5 is dominated by

Ž .the decay of free Quin2. Curve b has contributions
Ž .from the decay of all three species and curve c is

dominated by the decay of Quin2–Ca2q and Quin2–
Cd2q. The integral under each decay curve shown in
Fig. 5 equals the sum of the three intensities from
Fig. 3 averaged over the appropriate time window
and multiplied by the sum of the live times T Žlive. form

the 20 decay curves corresponding to that time win-
dow.

In these experiments, fluxes of calcium and cad-
mium were monitored simultaneously. Although ini-
tially both ions appear to enter the liposomes and

Ž .bind Quin2 at the same rate Fig. 4 , cadmium
eventually causes release of Ca2q from Quin2 by
competitive binding. This may be due to a higher
binding affinity of Quin2 for cadmium.

The process of ionomycin-mediated movement of
cations is a diffusion-controlled process, i.e., it is
governed by the concentration gradient across the

Ž .bilayer. The ‘kinetic endpoint’ equilibrium will be
reached when concentration of Ca2q and Cd2q is the
same inside and outside the liposomes; at this con-
centration, there should be no free Quin2 left based
on the large excess of the ions over Quin2. The
results in Fig. 4 indicate that the concentration of
free Quin2 does not approach zero at 1500 s after the
addition of ionomycin. This points to the fact that

Fig. 5. Fluorescence decays of data shown in Figs. 3 and 4
Ž . Ž .integrated over the time windows of a 0–100 s, b 400–500 s,

Ž .and c 1600–1700 s.
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there is a sub-ensemble of vesicles, the diffusion of
the cations into which is quite slow. On the other
hand, the rapid build-up of Quin2–Ca2q and Quin2–
Cd2q concentrations immediately after the addition
of ionomycin reveals the presence of a sub-ensemble
with a much faster diffusion rate. One may conclude
that the permeability to Ca2q and Cd2q varies from
vesicle to vesicle. This may be due to uneven distri-
bution of ionomycin among vesicles andror due to
entrapment of smaller vesicles inside larger vesicles.

3.3. Conclusions

In this paper, we have shown that Quin2 can
serve as an indicator for not only Ca2q, but other
cations, e.g., Cd2q, by time-resolved fluorescence
techniques. While time-resolved fluorescence tech-
niques have been used previously to measure free
and cation complexes in static situations, kinetic
methods are capable of capturing the dynamics of
such model systems. It is possible to measure
single-cation movement across model membranes
using the characteristic decay times associated with
individual species. However, one goal is to use a
single fluorescent probe to monitor a complex
cationic milieu. The advantages of such a system
would include simplification of mathematical calcu-
lations, since major ion species could be accounted
for more accurately. The application of this method
to intracellular measurements and other calcium-bi-
nding probes offers new possibilities for measuring
multiple cation movement into liposomes and into
cells.
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