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A test based on time-resolved fluorescence experiments (Anal. Biochem.245, 28-37, 1997) allows
one to assess the interference of the excited-state association with the fluorimetric determination
of the ground-state dissociation constant K4 of fluorescent ion:indicator complexes. If an inflection
point occurs in the plot of the fluorescence signal vs — log[ion] in the ion concentration range
where both decay times are invariant, this inflection point can be associated with the correct K.
Here we apply this test to the fluorescent ion indicators SBFO (for Na*), Mag-fura-2 (for Mg?*),
and APTRA-BTC (for Ca?*). In all three cases the decay times are invariant in the concentration
ranges of the respective ions where the fluorescence titrations show unique inflection points,
indicating that the fluorimetrically determined K, values are the true K, values.
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INTRODUCTION

The measurement of intracellular ion concentrations
is of the utmost importance in the fields of biology and
medicine. Because of their inherently interesting proper-
ties, fluorescent indicators are the ideal tool for the nonde-
structive determination of intracellular Ca?*, H*, Na*,
K*, and Mg?* concentrations and their variations [1,2].
Therefore, fluorescent ion indicators continue to be the
focus of intense research. Successful indicators must ful-
fill a series of criteria in addition to the chemically obvi-
ous ones of stability, specificity, and sensitivity. The major
requirements for an indicator for intracellular ions are (i)
an affinity that closely matches normal cytosolic concen-
trations for the specific ion, (ii) a selectivity for the
intended ion over other ions present, (iii) an easily detect-
able change in the absorption (excitation) and/or emission
properties upon binding of the ion of interest. The first
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condition presumes that the ground-state dissociation
constant K4 of the ion:indicator complex is of the same
order of magnitude as the ion concentration to be moni-
tored. Hence, the correct determination of K, is essential
for any ion indicator.

Fluorescence spectroscopy is often used to evaluate
the K, of the formed complexes provided that the associa-
tion—dissociation leads to a change in the measured
steady-state fluorescence signal [3]. However, as the fluo-
rescence signal depends on both ground-state and excited-
state parameters, the fluorimetric determination of Ky is
not as straightforward as by absorption spectrophotome-
try. It is not generally acknowledged that the excited-
state reaction between indicator and ion may influence
the value of K, derived from fluorimetric titration. The
degree of interference of the excited-state reaction with
the fluorimetric determination of K3 depends on the values
of the excited-state rate constants and/or the chosen exci-
tation and emission wavelengths [3,4]. The rate constant
values can be assessed by the single-step global compart-
mental analysis [5,6] of the fluorescence decay surface
of an indicator as a function of the ion concentration.
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We have developed a test using measurements of
time-resolved and steady-state fluorescence as a function
of the ion concentration to assess the possible misevalua-
tion of K, via fluorimetric titration due to the excited-state
reaction [4]. Here we apply this test to the commercial
fluorescent indicators SBFO (for Na*) [7,8], Mag-fura-2
(for Mg?*) [7,9], and APTRA-BTC (for Ca2*) [7].

SBFO is a commercially available fluorescent indi-
cator [7] for the real-time determination of Na* concentra-
tions. This sodium indicator consists of a diazacrown
ether linked via its nitrogens to a benzofuran oxazole
(Fig. 1A). The cavity size of the complex-forming group
confers selectivity for Na*. The K value of the Na*:SBFO
complex is 95 mM in the presence of physiological con-
centrations of K* and 50 mM without K* [8]. SBFO
binds Na* with a 1:1 stoichiometry, inducing a threefold
enhancement in fluorescence intensity and shifting the
maxima of the excitation and emission spectra to shorter
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Fig. 1. Chemical structures of SBFO (A), Mag-fura-2 (B). and APTRA-
BTC (C).
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wavelengths. The fluorescence is relatively unaffected by
changes in pH between 6.5 and 7.5.

To investigate magnesium’s role in cellular func-
tions, several fluorescent indicators for measuring intra-
cellular Mg?* concentrations are now commercially
available [7]. The first fluorescent Mg?* indicator is Fura-
ptra [9], which is often referred to as Mag-fura-2 (Fig.
1B), to denote the similarity of its structure and spectral
response to those of the Ca®* indicator Fura-2 [10]. The
K, of the Mg?*:Mag-fura-2 complex is 1.5 mM, a value
close to the cytosolic level of Mg?*, which is typically
between 0.1 and 6 mM [11,12]. Mag-fura-2 also binds
Ca’*; however, common physiological Ca?* concentra-
tions (10 nM—1 M) do not usually interfere with Mg?*
measurements because the affinity of Mag-fura-2 for
Ca’" is low (the K, of the Ca?*:Mag-fura-2 complex is
53 M, a value which is two or three orders of magnitude
above the physiological Ca?* concentration in most cells).
The affinity of Mag-fura-2 for Mg?* is reported [13] to
be unchanged at pH values between 5.5 and 7.4 and
temperatures between 22 and 37°C. Mag-fura-2 under-
goes an appreciable shift in excitation wavelength upon
Mg?* binding [11,12]. The fluorescence of the indicator
is relatively unaffected by changes in pH between 6.5
and 7.5 [11,12].

The coumarin benzothiazole-based APTRA-BTC
(Fig. 1C) is a recent excitation—ratiometric fluorescent
indicator for detecting low concentrations of Zn2?* in the
presence of relatively high concentrations of Ca?* or
Mg** [7]. Because of the relatively weak binding of
Zn*" to APTRA-BTC (the K, of the Zn?*:APTRA-BTC
complex is about 1.4 pM at pH 7.0 and 22°C) [7], this
indicator may be more suitable for measuring Zn*>" in
environmental samples than inside cells [the intracellular
concentration of free Zn" is extremely low in most cells
(< 1 nM)]. APTRA-BTC is derived from BTC [7], a
ratiometric Ca** indicator with a moderate affinity for
Ca?* (the K, of the Ca®>*:BTC complex is approximately
7 pM [7]). The low-affinity Ca®* indicator BTC makes
the accurate quantitative determination of high intracellu-
lar Ca?* levels possible. Since the affinity of APTRA-
BTC for Ca®* is much lower than that of BTC, APTRA-
BTC may be useful for sensing extracellular Ca®* levels
or monitoring Ca?* in solutions or in extracts of environ-
mental samples. Further details on the fluorescence of
APTRA-BTC in the absence and presence of Ca?* and
Zn?* will be reported elsewhere.

THEORY

Consider a system consisting of two distinct types
of ground-state species and two corresponding types of
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excited-state species. The kinetic model for such a system
is presented in Scheme I. In the ground state the free
form of the indicator, 1, can undergo a reversible associa-
tion with ion X to give the bound form, 2, of the indicator.
The association—dissociation is described by the ground-
state dissociation constant Ky [Eq. (1)],

Ky = [1][X)/2] M

where figures in brackets denote molarities. It is assumed
that only species 1 and 2, which are in chemical equilib-
rium with each other, absorb light at the excitation wave-
length A°*. Furthermore, the model depicted in Scheme
Iassumes a 1:1 stoichiometry between 1 and X. Excitation
by light creates the excited-state species 1* and 2*, which
can decay by fluorescence (F) and nonradiative (NR)
processes. The composite rate constants for those pro-
cesses are denoted ko (=kp; + kngry) and kg (kg +
knr2)- The second-order rate constant describing the asso-
ciation 1* + X — 2* is represented by k;;. The first-
order rate constant for the dissociation of 2* into 1* and
X is described by k;,.

Kinetics

If the system shown in Scheme I is excited with a
S-pulse which does not significantly alter the concentra-
tions of the ground-state species (i.e., in the low excitation
limit), the fluorescence decays are dual exponential [14],

SN ) = exp(—t/T))
+ oy exp(—t/1y), t=0 2)

where the amplitudes «; depend on all the rate constants
k, the ground-state dissociation constant Ky, the concen-
tration of X, and, additionally, A*™ and A°*. The decay
times 7; [Eq. (3)], however, depend exclusively on k;
and [X].

(M~ =12 {8 + 8, F[S, — S$2)?
+ 4kiy kyy [X]1172) (3a)

with

— 2*

th ke,

]| ko

Scheme 1
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S| = koy + k1 [X] (3b)
Sy = kpy + k2 (3¢)

For clarity, we do not use the notation T, but we refer
to 75 (S for short) and 7 (L for long).

Fluorimetric Titration

If the system depicted in Scheme I is excited with
light of constant intensity, and if the absorbance of the
sample is less than 0.1, the measured steady-state fluores-
cence signal F(A®, \*™ [X]) observed at A®™ due to excita-
tion at A is given by [3,4]

FONC AT [X]) =

ei(Aa; (A", [XDKy + &M )a(A°T, [X]) [X]
Ky + [X]

CT‘IJ ()\ex, )\em) (4)

where €;(A\°™) represents the molar extinction coefficient
of species i at A°™. The coefficients g; are given by [3,4]

(ko2 + ki2)ei (™) + kpy[X]ea(A*™)

ay(A°", [X]) = kotkoy + ki2) + keoka [X]

(52)

kiacy(N™) + (koy + kay [XD)e2 (A°™)

a (N, [X]) = koylkoy + ki2) + Kook, [X]

(5b)
The emission weighting factors c(A°™) are defined as [6]

¢i(A) = knf Pi(A") dN°T ()

A)\em

kg; represents the fluorescence rate constant of species
i*, AN®™ is the emission wavelength interval around SA°™
where the fluorescence signal is monitored, and p;(A°™)
is the steady-state fluorescence spectrum of species i*
normalized to unity.

The factor y(A®*, A*™) includes instrumental parame-
ters,

WA, AT = 2.3dly (A) ™) )

where d denotes the excitation light path, Io(A®*) repre-
sents the intensity of the exciting light at A** impinging
on the sample, and £(\°™) is a factor taking into account
the efficiency of both the optics and the detector.
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Cris the total analytical concentration of the fluores-
cent indicator:

Cr=1[1]+[2] (8

In general the plot of F vs —log{X] exhibits multiple
inflections, one of which will correspond to Xj.

If the product k;; [X] describing the association of
1* with X is negligible within the range of used [X], the
decay times T1; [Eq. (3)] and the coefficients a; [Eq. (5)]
become practically independent of [X]. The latter are
then given by [4]

a; (A = ¢;(Nko (9a)

kiae i) + koica(N°T)

(N = koi(kop +ki2)

(9b)

In this case the plot of F vs —log[X] starts at F, =
€1(NN)a; (N*™) Cp YA, A*™) for very low [X]. It rapidly
changes around the unique inflection at —log[X] = pKj
and then asymptotically approaches Fp., = €(A%)
ay(N™Cr YA, A*™) for very high [X]. Fo, and Fi,
thus represent the fluorescence signals of the free and
bound forms of the indicator, respectively.
If ky; [X] = 0, Eq. (4) can be rewritten as

_ KdFmin + [X]Fmax

F Ky + [X]

(10

This equation allows one to determine Ky from a fluori-
metric titration as a function of [X]. Conversely, once Ky
is known, Eq. (10) can be used to determine the unknown
[X]. This equation requires that F, F\;,, and F,,, all be
determined at the same instrumental sensitivity, excitation
intensity and optical path length [i.e., same P(A%, A°™)],
and total concentration of indicator (same Cr). Equation
(10) is often rearranged in the form of a Hill plot:

log[(F = Fuin)/(Frnax — F)] = log[X] — logKy (11)

The expression on the left side of Eq. (11) plotted vs
log[X] should give a straight line which intersects the
abscissa at the value corresponding to logKj.

When &,,[X] = 0 the decay times 75, [Eq. (3)]
are invariant with [X] and correspond to 1/k;, and
U(kyz + ki2).

A relatively simple experimental test based on time-
resolved and steady-state fluorescence measurements can
be used to assess the possible misevaluation of Ky from
fluorimetric titrations due to the excited-state reaction. If
both decay times 1; [Eq. (3)] are constant over the used
concentration range of X, the contribution of the term
k> [X] is small enough to make the coefficients a; [Eq.
(5)] virtually independent of [X] [see Eq. (9)], and the
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plot of F vs —log[X] will have a unique inflection at
—log [X] = pKj,. Collecting fluorescence decay traces in
the same X concentration range as used in the fluorimetric
titration and analyzing them simultaneously (10,11) as
biexponentials with linked decay times allows one to
check the invariance of the decay times. As [X] becomes
larger, the contribution of the term k,,[X] is not negligible
any longer, resulting in changing decay times and making
the coefficients a; dependent on [X], possibly causing an
additional inflection point in the fluorimetric titration
curve. Therefore, the inflection point(s) in the [X] range
where the decay times vary cannot be attributed to
ground-state dissociation.

EXPERIMENTAL

Materials

The experimental details for SBFO [15] and Mag-
fura-2 [16] have already been published. Therefore, only
experimental conditions for APTRA-BTC are explicitly
given. APTRA-BTC tripotassium salt (cell impermeant)
was obtained from Molecular Probes (Eugene, OR).
MOPS [3-(N-morpholino)propanesulfonic acid] free acid
(>99.5%) was purchased from Sigma Chemie (Bornem,
Belgium). KC1 (99.99+ %) and CaCl, (99.99+ %) were
obtained from Aldrich Chimica (Geel, Belgium). All
products were used as received. Fluorimetric measure-
ments were performed using aqueous buffer solutions at
pH 7.2 of (i) SBFO and NaCl, (ii) Mag-fura-2 and MgCl,,
and (iii) APTRA-BTC and CaCl,. Milli-Q water was used
to prepare the buffer solutions. To obtain the required pH
for the SBFO measurements, solutions of NaOH and
MOPS were used; for the Mag-fura-2 measurements,
solutions of Tris and HCI; and for the APTRA-BTC mea-
surements, solutions of KOH and MOPS. The ionic
strength of solutions with different [Na*] or [Mg?"] var-
ied, while that of solutions with different [Ca®*] was kept
constant by the addition of KCl. All measurements were
carried out at 20°C (SBFO and Mag-fura-2) or 22°C
(APTRA-BTC).

Instrumentation

Fully corrected steady-state excitation and emission
spectra were recorded on a SPEX Fluorolog 212.

Fluorescence decay traces were collected by the
single-photon timing technique [17,18] using the syn-
chrotron radiation facility SUPER-ACO (Anneau de Col-
lision d’Orsay at LURE, France) as described elsewhere
[19]. The storage ring provided vertically polarized light
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pulses with a full width at half-maximum of =500 ps at
a frequency of 8.33 MHz in the double-bunch mode. A
Hamamatsu microchannel plate R1564U-06 was utilized
to detect the fluorescence photons under the magic angle
(54°44"). The instrument response function was deter-
mined by measuring the light scattered by glycogen in
aqueous solution at the emission wavelength. All decay
traces were collected in 1K channels of a multichannel
analyzer and contained approximately 5 X 10° peak
counts. The time increment per channel was 21.4 ps for
the SBFO measurements, 5.8 ps for Mag-fura-2, and 32
ps for APTRA-BTC.

Data Analysis

The global compartmental analysis of the fluores-
cence decay surface of species undergoing excited-state
processes was implemented in the existing general global
analysis program [20] based on Marquardt’s [21] algo-
rithm. A detailed description of the global compartmental
analysis program can be found in Ref. 4. Using this
approach, all decay traces collected at different excitation/
emission wavelengths and at different [X] are linked by
the rate constants ko, k3, ko2, k12 defining the system
and can therefore be analyzed simultaneously.

The fitting parameters were determined by minimiz-
ing the global reduced chi-square X2.

q
X; = 212 wi Y% — Yi)v (18)

where the index [ sums over g experiments, and the index
i sums over the appropriate channel limits for each indi-
vidual experiment. y and y§; denote, respectively, the
experimentally measured (observed) and fitted (calcu-
lated) values corresponding to the ith channel of the /th
experiment. wy, is the cotresponding statistical weight. v
represents the number of degrees of freedom for the entire
multidimensional fluorescence decay surface. Xﬁ and its
corresponding Z,2 [Eq. (19)] provide numerical goodness-
of-fit criteria for the entire fluorescence decay surface.

Za = (G — D12 v)"? (19)

Using Z,2, the goodness-of-fit of analyses with different
v can be readily compared. The additional statistical crite-
ria to judge the quality of the fit comprised both graphical
and numerical tests and are described elsewhere [18].
Standard error estimates were obtained from the parame-
ter covariance matrix available from the nonlinear least-
squares analysis. All quoted errors are 1 standard devia-
tion. All analyses were performed on an IBM RISC Sys-
tem/6000 computer.
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APPLICATION TO FLUORESCENT ION
INDICATORS

In this section we apply the new test [4] to the
fluorescent ion indicators SBFO, Mag-fura-2, and
APTRA-BTC. For all indicators steady-state fluorimetric
titrations were performed. Additionally, fluorescence
decay traces were collected as a function of [X] and
described by simultaneous biexponential analysis [22,23].
Furthermore, the decays of SBFO and Mag-tura-2 were
analyzed by global compartmental analysis [5,6] yielding
estimates for the rate constants kg, k1, ko2, k)2

SBFO + Na*

K4 of the Na*:SBFO complex was determined from
a Hill plot [Eq. (11)] using the steady-state fluorescence
signal F(340 nm, 500 nm) at 20°C, pH 7.2, in aqueous
solution in the absence of K* (Fig. 2). The linear Hill
plot (with correlation coefficient 0.998) yielded a value
of 34 mM for K, (pKy = 1.47 = 0.05) and indicated a
1:1 stoichiometry for the Na*:SBFO complex. The pK,
value is reasonably close to that estimated by Minta and
Tsien (pKy = 1.30) [8].

Decay traces of SBFO at different [Na'] ranging
from 2.68 mM to 4.18 M were monitored at three sets
of excitation/emission wavelengths: (i) A®* = 340 nm,
A™ = 500 nm; (ii) A** = 340 nm, A*™ = 510 nm; and
(ii1)) A% = 355 nm, A*™ = 510 nm.

The decay traces of solutions with identical Na*
concentrations were analyzed globally as biexponential
functions [Eq. (2)] with the decay times linked over the
excitation and emission wavelengths at each [Na*]. Biex-
ponential analyses gave good fits at each Na* concentra-
tion. However, the variation of 15 as a function of

log[(F~Fgin)/ (Fua=F)]

2.5 -2 -15 -1 -0.3
log [Nat]
Fig. 2. Hill plot constructed with the steady-state fluorescence signals

F(340 nm, 500 nm) of SBFO vs log[Na*] at pH 7.2 in aqueous K* free
solution at 20°C.



108

Table I. Rate Constant Values (+ SD) of SBFO Estimated by Global
Compartmental Analysis®

Rate constant

koy (ns)™' 0.465 (=0.001)
ky (M ns)™! 0.087 (=0.004)
koa (ns)~! 0.537 (=0.002)
kiz (ns)™! 0.127 (=0.002)

¢ Values taken from Meuwis et al. [15)]

—log[Na'] was erratic, due to the negligible values of
the preexponential values associated with the short decay
times Tg [15,23]. Furthermore, varying the excitation and
emission wavelengths as done experimentally in the col-
lection of the decays hardly changes the preexponential
factors, resulting in poor 15 estimates [15,23]. Moreover,
global biexponential analysis of simulated decay traces
confirmed that accurate estimates were found only for 7,
and not for 7g and the corresponding amplitudes [15].

In global compartmental analysis all (46) decay
traces were simultaneously analyzed, yielding the rate
constant values shown in Table I. Using these rate con-
stant values the decay times were calculated as a function
of [Na*] according to Eq. (3). Those decay time values
are shown as solid lines in Fig. 3.

The global biexponential analysis with 7 freely
adjustable and with 14 held fixed at the value calculated
according to Eq. (3) using the rate constant values of
Table I, yields the decay time values plotted in Fig. 3.
The agreement between the 7 values estimated by this
global biexponential analysis and those computed
according to Eq. (3) using the rate constant values in

25
b I.‘" g
a 15F =
g
o
"
05
0 f \ \ .

-2

(=3

2
-log[Na*]
Fig. 3. Decay times 7, (——) of SBFO as a function of —log[Na*]
calculated according to Eq. (3) using the rate constant values obtained
from global compartmental analysis (Table I). The symbols ( 4 ) repre-
sent 7. estimated by global biexponential analysis at each [Na'] in
which 75 (0) was held fixed at the value calculated according to Eq.
(3) using the rate constant values in Table L

Boens, Cielen, Van Werde, and De Schryver

Table I is excellent. The decrease in T, with increasing
[Na*] indicates that ky; < kg [24] and was confirmed by
the results shown in Table I. Comparing Figs. 2 and 3
shows that both decay times are independent of [Na*]
in the [Na'] range where the fluorimetric titration was
performed (i.e., where —log[Na*] has a value between
0.8 and 2.4). Hence, in this [Na*] range the term &, [Na*]
is negligible so that a reliable K, estimate is obtained
from the Hill plot.

Mag-fura-2 + Mg?*

The ground-state dissociation constant K of the
Mg?*:Mag-fura-2 complex can be estimated from a Hill
plot [Eq. (11)] using the steady-state fluorescence signal
F(340 nm, 500 nm) at 20°C and pH 7.2 (Fig. 4).
The Hill plot gave a value of 1.78 mM for K, (pKy =
2.750 £ 0.003) and was consistent with a 1:1 stoichiome-
try (slope = 1.13 = 0.04) for the Mg®*:Mag-fura-2 com-
plex. The Ky value is in good correspondence with that
(1.5 mM) obtained by Raju et al, [9].

To determine the rate constants kq;, ka1, koa, k12 fluo-
rescence decays of Mag-fura-2 at 10 concentrations of
Mg up to 750 mM were measured at three sets of
excitation/emission wavelengths: (i) A\** = 340 nm,
A = 490 nm; (ii) A** = 340 nm, A*™ = 510 nm; and
(iii) A** = 370 nm, A\*™ = 510 nm.

The decays collected from solutions with identical
Mg?* concentrations were analyzed globally as biexpo-
nential functions [Eq. (2)] with the decay times being
linked over the emission and excitation wavelengths at
each [Mg?*]. Good-quality fits were obtained over the
whole Mg?* concentration range. The estimated decay
times are shown in Fig. 5. The fact that both 7, and
75 decrease with increasing [Mg?"] indicates that ky <
koy- [24]

1
.

f;‘ 0.5

g
5;: 0

g

8
B oosth
& .

on
2 af

_15 L L 1
4 -3.5 -3 2.5 -2

log [Mg*]
Fig. 4. Hill plot constructed with the steady-state fluorescence signals
F(340 nm, 500 nm) of Mag-fura-2 vs log[Mg?*] at pH 7.2 in aqueous
solution at 20°C.
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-log[Mg*']
Fig. 5. Decay times 7, (#) and T5 () of Mag-fura-2 as a function of
—log[Mg?*] estimated by global biexponential analysis at each [Mg?*].
The solid lines represent the decay times calculated according to Eq.
(3) using the rate constant values in Table II

In global compartmental analysis all the decay traces
were analyzed simultaneously, resulting in the rate con-
stants shown in Table II. Using these values the decay
times Tg; can be calculated as a function of [Mg?*]
according to Eq. (3). These decay times are plotted in
Fig. 5 as a function of —log[Mg?*] together with the
decay times estimated directly from global biexponential
analysis. There is an excellent agreement between both
sets of decay times. Since both decay times are constant
in the region where F vs —log|Mg?*] exhibits the unique
inflection, it can be attributed to K, {4,14]. Fluorimetric
titrations of Mag-fura-2 can thus be used to estimate the
value of Ky correctly.

APTRA-BTC + Ca?*

The Ky of the Ca*":APTRA-BTC complex was
determined from a Hill plot [Eq. (11)] using the steady-
state fluorescence signal F(467 nm, 530 nm) at 22°C, pH
7.2, in aqueous solution in the absence of Mg?* (Fig. 6):
The linear Hill plot (with correlation coefficient 0.958)
yielded a value of 0.84 mM for Ky (pKy = 3.1 = 0.3)
and indicated a 1:1 stoichiometry (slope = 1.06 * 0.09)

Table II. Rate Constant Values (+SD) of Mag-fura-2 Estimated by
Global Compartment Analysis®

Rate constant

koy (n8)™! 0.439 (£0.003)
ka1 (M ns)™* 077 (+0.01)

ko> (ns)”! 0.645 (+0.001)
Ky (ns)™! 0.037 (+0.001)

2 Values taken from Meuwis et al. [16].
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Fig. 6. Hill plot constructed with the steady-state fluorescence signals
F(467 nm, 530 nm) of APTRA-BTC vs log[CaZ*] at pH 7.2 in aqueous
solution at 22°C.

for the Ca?*:APTRA-BTC complex. The very low affin-
ity of APTRA-BTC for Ca®* makes this indicator unsuit-
able for sensing intracellular Ca?* levels. However,
extracellular Ca** concentrations can be quantified and
Ca?" in solutions or in extracts of environmental samples
may be monitored with APTRA-BTC.

Eight decay traces of APTRA-BTC at different
[Ca*] ranging from 29.1 pM to 0.918 M were collected
at 520 nm with excitation at 380 nm. Each decay trace
was analyzed separately as a dual-exponential function
[Eq. (2)], yielding good fits at each Ca®* concentration
(Fig. 7). Since the decay times seem to be independent
of the free Ca** concentration, all eight decay traces
were simultaneously analyzed as biexponentials, giving
excellent fits. The estimated decay times were found to

25 [ — "
*8
2
—~ 15
=
N
©
1
05 BL—— 00 0 g
0

0 0.5 1 1.5 2 25 3 3.5 4 45
-log[Ca?']
Fig. 7. Decay times 7, (#) and 15 (O0) of APTRA-BTC as a function
of —log[Ca?*] estimated by biexponential single-curve analysis at each
[Ca®*]. The solid lines represent the decay times estimated by global
biexponential analysis of all eight decays collected over the entire Ca?*
concentration range.
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be s = 0.49 + 0.02 ns and 7, = 2.34 + 0.01 ns. These
decay time values are shown as solid lines in Fig. 7.

Comparison of Figs. 6 and 7 shows that 7g and 7
are independent of [Ca®"] in the concentration range
where the fluorimetric titration was performed (i.e., from
14 wM to 11.6 mM). Hence, the unique inflection point
in the fluorimetric titration can be attributed to Kj.

CONCLUSIONS

We have shown that it is possible to check by time-
resolved fluorescence experiments whether the associa-
tion reaction in the excited state interferes with the deter-
mination of K. If an inflection of the fluorimetric titration
curve occurs in the ion concentration range where both
decay times are invariant, this inflection point can be
associated with the true pKy. Since for each of the ion
indicators (SBFO + Na*, Mag-fura-2 + Mg?*, and
APTRA-BTC + Ca?*), the inflection point in the fluori-
metric titration curve occurs in the ion concentration
range where the decay times are invariant, the interference
of the excited state association with the fluorimetric deter-
mination of K, can be neglected.
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