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The absolute measurement of calcium activity in cells is hindered by the presence of di†erent forms of the

probe (adsorbed, protonated). Time-resolved Ñuorescence spectroscopy can be a sensitive technique to separate

contaminating forms of the probe. The Ñuorescent probe Calcium Green 1 was characterised, in vitro, in terms

of calcium and also pH dependence, albumin adsorption, extent of hydrolysis, viscosity and medium polarity.

A 1 :1 stoichiometry was obtained for the calcium complexation with a value that agrees with reportedK
d

values. A of the BAPTA moiety was measured as 6.7. The Ñuorescence lifetimes are slightly dependent onpK
a

polarity but not on viscosity. It was observed that most of the interfering forms of the probe share the common

lifetimes of 0.5 and 3.5 ns. An alternative mechanism for Calcium Green 1 sensing is proposed based on a

ground state conformational equilibrium a†ecting the photoinduced electron transfer.

Introduction

Fluorescent indicators for the determination of local ionic
activities are now widely used, especially in cell biology. Until
recently, the use of time-resolved single photon counting in
biology was limited by the expense of pulsed lasers. The devel-
opment of two-photon microscopy1 that requires a pulsed
laser and the appearance of cheaper pulsed diode lasers has
opened up the wider use of sensing based on time-resolved
measurements. The purpose of this study was to investigate
opportunities o†ered by time-resolved measurements in
microÑuorimetric studies.2 The Ðrst advantage associated with
time measurement inside a microscope is that many optics
constraints are bypassed. Compared with micro-
spectroÑuorimetric probes, whose spectral changes are used to
monitor ionic activity, time-resolved probes do not rely on
achromaticity of the optics and do not demand a perfect con-
focal alignment of the measurement ports associated with
each wavelength. The second advantage, which is o†ered by
the Ñuorescence lifetime, is its dependence on local environ-
ment. As an example, Ñuorescent molecules using photoin-
duced electron transfer (PET)3 as a probe mechanism have
Ñuorescence yields that depend on the nature of the complex-
ed ion, H`, Na` or K`.4 This sensitivity of the Ñuorescence
lifetime can be a way to perform absolute activity measure-
ments in cells.5,6 Indeed, most intracellular measurements are
hindered by the presence of other Ñuorescent forms of the
probe such as the membrane-permeant precursors or protein
adsorbed forms of the probe. Local viscosity7 and polarity
e†ects and protein adsorption have also been reported to
modify probe response. We chose Calcium Green 1, a calcium
probe. Calcium Green is composed of a BAPTA chelating
group, that provides sensitivity and selectivity for calcium,8
and dichloroÑuorescein, whose Ñuorescence depends on the
presence of calcium ion inside the molecule through a PET.9
The PET mechanism is not necessarily sensitive to the electro-
negativity of the ion10 but can be sensitive to the conforma-
tion of the probe.11 We show that Calcium Green 1 is not
sensitive to viscosity. Its sensitivity to local dielectric proper-
ties can be neglected. The slight change of the quenching rate
with polarity is in agreement with a charge transfer mecha-
nism. Calcium Green 1 has a three orders of magnitude sensi-

tivity to Ca2`, from 0.3 to 200 nmol L~1, with a of 70K
d

nmol L~1. Its sensitivity to pH cannot be neglected. Calcium
Green 1 adsorbs on albumin. Lifetime measurement also
o†ers an opportunity to measure rotational relaxation of the
probe.12 We show that the adsorption of Calcium Green 1 on
proteins in the cell can be quantiÐed from in situ anisotropy
measurements. The inÑuence of adsorption on the Ñuores-
cence decay, the similarity between protonation and calcium
complexation on the Ñuorescence decay and the e†ect of
polarity on Ñuorescence decay show that Calcium Green 1
does not probe calcium by a through bound electron transfer
modulated by the electronegativity of the ion, but by a ground
state change in the conformational equilibrium induced by
calcium complexation, protonation or adsorption, which also
a†ects the photoinduced electron transfer.

Experimental

Set-up

The light source is a Tsunami 3950B titanium-doped sapphire
laser from Spectra Physics (Les Ulis, France) operating at 900
nm. The light frequency is doubled to 450 nm by a BBO
crystal. The light pulses are 1 ps in length. The pulse energy at
the entrance of the microscope is 4 pJ. The microscope is
inverted with a ]40 objective (Nikon, Diaphot-TMD). The
epiluminescence set-up is removed and the parallel beam of
the laser shines directly on the dichroic mirror. In this way,
the excitation beam is focused on the sample. The Ñuorescence
light is collected behind the dichroic mirror with an optical
Ðbre 50 lm in diameter. This Ðbre acts as the aperture of a
confocal microscope.13 The photons are detected using a
multi-channel plate photomultiplier (R3809U, Hamamatsu,
Massy, France). A constant fraction discriminator (Institut de
Physique Nucle� aire dÏOrsay, France) is positioned directly
behind the photomultiplier. We use a standard photon timing
electronic that constructs the Ñuorescence decay curve as a
histogram of single photon arrival delay within a few minutes.
The performances of this set-up have been described else-
where.14 Independently, a single channel analyser
(Schlumberger) placed behind the time to amplitude converter
(TC864 Tennelec, Aries, Chatenay Malabry, France) is used to
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count photons arriving later than 2.47 ns after the laser pulse.
The screen displays three kinds of data : the total photon
count, the late photon count every 10 ms and the Ñuorescence
decay curve. For ex vivo studies, the acquisition is pro-
grammed for 2 min for each cell. For cells studies, the excita-
tion wavelength is set to 495 nm, so that the autoÑuorescence
is drastically reduced compared with 450 nm excitation. Fluo-
rescence is collected behind a 520 nm barrier Ðlter.

Reagents

All reagents for cell culture were provided by Sigma Bio-
sciences and were of the best purity grade, sterile-Ðltered and
endotoxin tested.

Calcium Green TM-1, AM and the calcium calibration
bu†er kit were provided by Molecular Probes Europe (Leiden,
The Netherlands).

Cell culture

The RINm5F cell line is a subclone of the original rat islet cell
tumour RIN-r obtained following 1000 rad of total body X-
irradiation to an inbred albino NEDH rat.15 RIN cells are
grown in RPMI 40 medium supplemented with 10% foetal
calf serum, 2 mM glutamine and antibiotics (100 IU mL~1
penicillin ] 50 lg mL~1 streptomycin) in a humidiÐed 5%

air incubator at 37 ¡C. Two days before eachCO
2
È95%

experiment, cells are harvested with trypsinÈEDTA (0.05%È
0.2%) and plated into glass chamber slides adapted to
inverted microscopy (Nunc Lab-Tek glass cover-slip slides,
Life Technologies, Pontoise, France) at a concentration of
5 ] 105 cells per minichamber.

Bu†ers

At physiological pH, Calcium Green 1 probes calcium
through the following equilibrium:

CaG4~ H
Kd

Ca2` ] G6~

where CaG4~ the form of Calcium Green 1 complexed with
calcium, Ca2` is the calcium ion, G6~ is the free form of
Calcium Green 1 and is the dissociation constant ofK

d
Calcium Green 1 for calcium.

Both the stoichiometry and the value of the affinity con-
stant have to be checked. For this, we recorded the Ñuores-
cence decay proÐles as a function of calcium activity. A
calcium activity as low as 10~9 M cannot be obtained by a
simple weigh and dilution procedure, simply because the
calcium that is released from clean glassware is above that
level. We used the bu†er proposed by Tsien,8 available from
Molecular Probes.

EGTA Ðxes the calcium activity through the equilibrium

EGTAH
2
2~ ] Ca2` H 2H` ] CaEGTA2~

K
d
\

K
d
@

(H`)2

where EGTAH2~ is the free form of EGTA and CaEGTA2~
is the complexed form of EGTA with calcium. nmolK

d
@ \ 150

L~1 at pH 7.20 and a ionic strength of 0.1 mol L~1.8
Stock standard solutions and CaEGTA2~ wereEGTAH

2
2~

diluted to 5 mmol L~1 in a pH bu†er solution containing the
Ñuorescent probe, so that the Ðnal concentration of Calcium
Green 1 remained constant on mixing the two solutions. The
bu†er was prepared from TRIS to a pH of 7.20. The ionic
strength was Ðxed at 0.1 mol L~1 by the TRIS. At a total
concentration of 5 mmol L~1 in bu†er, the change in

and CaEGTA2~ induced by calcium glass releaseEGTAH
2
2~

can be neglected compared with the total calcium concentra-

tion. Hence the calcium activity remains Ðxed in a region near
the value.K

d
@

EGTA was used also to study the of the calcium freepK
a

form of Calcium Green. The pH e†ect on Calcium Green in
the calcium free solution cannot be due to a release of calcium
by the bu†er EGTA; indeed, the calcium free solution was
obtained by the use of 5 mmol L~1 EGTA as a chelator of
residual calcium ion. The calcium due to the release from the
cuvette in Nanopure water was less than 5 ] 10~6 mol L~1.
Upon acidiÐcation, the of the probe increases from 1.75pK

d
@

nmol L~1 to 3.7 lmol L~1 at pH 6.5. Hence the calcium
activity remained between 1.75 pmol L~1 and 3.7 nmol L~1,
which can be neglected.

Results

Calcium calibration curve

The Ñuorescence decays were recorded by adding successive
aliquots of CaEGTA2~ to the solution and theEGTAH

2
2~

reverse. It was checked that the zero delay intensity of the two
extreme solutions of Calcium Green 1 are equal [Fig. 1(a)]. As
predicted, the decay curves become longer as the calcium con-
centration increases.

The family of decays was submitted to a chemometric
analysis.16,17 The Ðrst two main components describe 98% of
the signal for an estimated error of 0.1%. The weighted
residuals are shown in Fig. 1(b). The family of curves exhibits
a random change of sign, with a random pattern along both
the time and calcium concentration axes.

The decays obtained for the minimum and maximum activ-
ity of calcium were used to construct reference decay proÐles
for the calcium bound and calcium free forms of Calcium
Green 1. They can be expressed as a function of the two main
components. As the two main components were averaged over

Fig. 1 (a) Fluorescence decays of Calcium Green 1 as a function of
calcium. The Calcium free form is characterised by a biexponential
decay with lifetimes of 0.5 and 3.5 ns. The contribution of the long-
lifetime form increases with calcium activity. Calcium activity from 0.3
to 180 nmol L~1. pH 7.20 ; EGTA ] CaEGTA \ 5 mmol L~1 ;
TRIS \ 0.1 mol L~1 ; excitation wavelength \ 450 nm and emission
wavelength \ 530 ^ 4 nm. (b) The family of curves has been adjusted
as a linear combination of the two reference decays, Green and Ca
Green. The di†erences between experimental and model data are rep-
resented for each delay of each decay curve on this 2D image. The
larger the di†erence, the darker is the point. The uniform distribution
of the dark points indicates a successful Ðt.
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52 values of calcium activity, their noise content was reduced.
The reference decays, reconstructed from the main com-
ponents, were averaged over the whole family of experimental
data. All decays can now be decomposed as a linear com-
bination of these two references. In Fig. 2, the ratio of their
contribution is represented as a function of calcium activity.
The straight line assumes a 1 :1 stoichiometry with a of 70K

d
nmol L~1. From this plot, the long-lifetime component of the
calcium free solution can be attributed to a Calcium Green 1
form but also to an impurity with no affinity for calcium.18
However, this invalidates the hypothesis of an impurity19 that
complexs calcium with a di†erent Such an impurity couldK

d
.

be the result of a photo-decarbonylation of the probe
occurring during storage or study.20 Note the huge dynamic
range allowed by time-resolved Ñuorescence when used with
probes with a good contrast between the two free and bound
forms, such as Calcium Green 1.

pH dependence

The BAPTA protonation depends on pH with four pK
a

values, the most basic being 6.4 and 5.5.8 The Ñuorophore,
which is a derivative of dichloroÑuorescein, is also pH sensi-
tive.21 We recorded the Ñuorescence decay of Calcium Green
1 from pH 3.5 to 9 for both calcium free (Fig. 3) and calcium
rich solutions (Fig. 4). For the calcium free solution, below pH
4 there is a change in Ñuorescence decay rate with pH. Above
pH 4, the pH e†ect looks like a calcium e†ect. With the addi-
tion of 1 mol L~1 HCl to the 0.1 mol L~1 TRIS solution, the

Fig. 2 The ratio of the complexed form of the probe to the free form
is proportional to calcium activity over three orders of magnitude.
This conÐrms the 1 :1 stoichiometry of the reaction with a of 70K

d
nmol L~1.

Fig. 3 Fluorescence decay of the calcium free form between pH 4
and 9. The continuous line corresponds to pH 3.5. The pH e†ect
mimics that of calcium.

Fig. 4 Fluorescence decay of the calcium bound form of the probe
between pH 4 and 9. Above pH 5.5 decays do not depend on pH.

contribution with a lifetime of 3.5 ns rises from 10% to 60%.
For the calcium rich solution, it can be seen that the Ñuores-
cence decay is the same at most pH values. Only for pH \5.5
can a biexponential behaviour be seen, with a pH e†ect that
looks like a calcium e†ect. We attributed this evolution to a

of the BAPTA moiety because it is not seen for thepK
a

calcium free solution. A of 4.47 was measured for thepK
a

BAPTA moiety in the presence of calcium.
A main component analysis can be performed on both solu-

tions but suggests a large number of components. We pre-
ferred to apply a simple biexponential Ðt that provides a
phenomenological description. Lifetimes are reported in Fig.
5. The lifetime of the calcium bound form is almost indepen-
dent of pH above pH 3.5. Hence, the Ñuorescence of the
dichloroÑuorescein that constitutes the Ñuorophore of
Calcium Green 1 is not sensitive to pH.22 Between pH 7 and
9, the short and long lifetimes of the free form are constant.
From this ratio, we deduce a of 6.7 for the most basicpK

a
protonation of Calcium Green 1. Between pH 6.3 and 7, the
lifetimes vary, which is an indication of an excited state reacti-
vity that involves calcium free BAPTA.

Predominance domains

From Tsien,8 we know that the dominant form of BAPTA at
pH 9 is the fully deprotonated form G6~. The of CalciumK

d
Green 1 has also been measured at pH 9 to be 70 nmol L~1.
The does not depend on pH between pH 7.25 and 9.K

d
Hence the complexation of calcium by G6~ leads to CaG4~.
Three values were measured as 3.5, 4.47 and 6.7, and canpK

a
be attributed to BAPTA or to the Ñuorophore. The proto-
nation of BAPTA will a†ect the calcium complexation

Fig. 5 Evolution of long and short Ñuorescence lifetimes of Calcium
Green free and calcium bound form with pH. \, Fluorescein ; longL,
lifetime of the calcium free form; long lifetime of the calcium com-…,
plexed form; short lifetime of the calcium free form; and short|, >,
lifetime of the calcium complexed form.
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whereas that of the Ñuorophore may not. Protonation of the
Ñuorophore will be seen for both the calcium free and the
calcium rich forms. This might be the case for 3.5.pK

a
However, the values of 6.7 and 4.47 can be attributed topK

a
protonation of BAPTA, as it is not observed for both forms.
The value of 6.7 agrees with the reported value8 of 6.4.pK

a
From the values of 6.7 and 4.47 measured for the calciumpK

a
free and calcium rich form, respectively, we can deduce the
following predominance domains (Fig. 6). The andK

d
pK

a
values of Calcium Green 1 make it appropriate for applica-
tions in the physiological domain of the intracellular medium:
the value is close to that of intracellular calcium activityK

d
and the is out of the intracellular pH range. However,pK

a
even 0.6 pH units away from the the probe can respondpK

a
to pH because of the very high dynamic range of calcium
sensing.

Dependence on sucrose

The short-lifetime component of the Ñuorescence decay is
attributed to quenching of the Ñuorochrome by an electron
transfer from the BAPTA group.23 This can occur in two
ways, either by dynamic quenching, with folding of the
BAPTA in the excited state toward the Ñuorochrome, or by
static quenching. This static quenching can involve transfer of
the electron through the bonds or through space in a folded
conformation of the molecule.

To distinguish the dynamic from the static process, the vis-
cosity e†ect was checked. We measured the decay rate of the
fast component in water with increasing amount of sucrose,
that increases the viscosity (Fig. 7). As no dependence of the
quenching rate on viscosity can be seen, quenching follows a
static process.

The small dependence observed with the addition of sucrose
can be explained by an electrostatic e†ect : the polarity of the
solution changes with the addition of sucrose. As shown in
Fig. 8, the logarithm of the decay rate depends linearly on

At the same time, the proportion of the short-lifetime1/e
r
.

contribution decreases with Both e†ects can be explained1/e
r
.

by an electrostatic e†ect on a conformational equilibrium: let
us call and the e†ective radii of the transition stater

TT
, r

F
r
E

and of the folded and extended form of the molecule, respec-
tively. The electrostatic energy of these ions and their counter
ion atmosphere will be

w
e
\

[ o z
`

z
~

o F2

8pNe
0

e
r
r
x

where is the charge of the ion and counter ions, F is thez
x

Faraday constant, N is AvogadroÏs number and is thee
r

dielectric constant of the sucrose solution.24

Fig. 6 Predominance domains of the di†erent forms of Calcium
Green in solution as a function of pH and pCa (\ -log[Ca2`]). G is
the hexa-anion form, GH is protonated on the BAPTA group, isGH

2
protonated in addition on the Ñuorescein, GCa if the tetra-anion
complex of calcium and GHCa is protonated on the BAPTA group.
The box indicates the region of interest for intracellular measure-
ments.

Fig. 7 Evolution of the short-lifetime form as a function of added
sucrose. The electron transfer rate is independent of viscosity. The
quenching does not proceed through the folding of the molecule in the
excited state.

The position of the equilibrium between two charged con-
formers will depend on their size and on solvent polarity
according to

RT ln(K
F@E

) \ RT ln(K
0
) ] *w

e

\ RT ln(K
0
) ]

C

e

A 1

r
F

[
1

r
E

B

where

C \
[ o z

`
z
~

o F2

8pN

As observed, the folded conformation is favoured in a high
polarity medium.

Fig. 8 Conformational equilibrium and decay rateK
F@E

(K) k
q

(L)
of the short-lifetime component as a function of the relative dielectric
constant. The energy of a charged molecule of radius is a†ectedw

e
r
x

by polarity according to Ine
r

w
e
\ ([ o z

`
z
~

o F2)/(8pNe
0

e
r
r
x
).

Calcium Green 1, it a†ects the conformational equilibrium, the
smaller conformers being disfavoured in non-polar environments. The
proportion of the folded conformer is decreased from 95 to(K

F@E
85%) on adding sucrose. The quenching time is also increased from
0.65 to 0.8 ns since the transition state is small and disfavoured when
sucrose is added. From the slopes one can estimate radii of 0.27, 0.3
and 0.47 nm for the transition state, the folded conformer and the
extended conformer, respectively.
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The reaction rate can be expressed as

ln k
q
\ ln(k

q0
) ]

C

RT e

A 1

r
TT

[
1

r
F

B

The reaction rate increases in a high polarity medium as
observed. From the slopes and assuming a radius of 0.3 nm
for the folded conformer, one can estimate the radii of the
three conformations : and nm.r

TT
\ 0.27, r

F
\ 0.30 r

E
\ 0.48

The independence of the quenching rate of the viscosity
conÐrms that quenching proceeds through a static electron
transfer. From the point of view of applications, Calcium
Green is not sensitive to local viscosity. Both the dependence
of the long-lifetime component on polarity and that of quen-
ching rate conÐrm that the Calcium Green Ñuorescence is
controlled by a conformational equilibrium.

Adsorption on proteins

Adsorption on proteins25,26 and interaction with histidine27
groups of the protein have been observed for BAPTA-
containing probes. Adsorption can be checked with bovine
serum albumin (BSA) using Ñuorescence anisotropy. Fluores-
cence anisotropy allows the measurement of the hydrody-

namic volume V of the Ñuorescent molecule according to28

1/q
D

\ kT /gV

where is the rotational di†usion time, g is the solvent vis-q
D

cosity, k is the Bolzmann constant and T is the absolute tem-
perature.

We measured the Ñuorescence anisotropy of Calcium Green
1 as 0.17 in water and it reached the maximum value of 0.35 in
the presence of BSA. Fig. 9 shows that Calcium Green mol-
ecules are adsorbed at less that 30 g L~1 of BSA.

Adsorption on the BSA also inÑuences Ñuorescence decay.
The Ñuorescence decay rates are not signiÐcantly changed by
the adsorption but the proportion of the long-lifetime com-
ponent is increased. Such a change can be explained either by
the complexation of histidine, which would mimic that of
calcium, or it can be an e†ect of adsorption that changes the
ground state conformational equilibrium and favours the
unfolded conformation of the molecule.

Anisotropy in cells

Anisotropy was measured in RINm5F cells (Fig. 10) that had
been permeabilized with ionomycin and placed in a calcium
bu†er to Ðx the intracellular calcium activity. No speciÐc
organelles were targetted. Only a local maximum was chosen
for measurement. The short-lifetime component of the aniso-
tropy relaxation was calculated. The same rotational relax-
ation time was measured in all cases with a value ofq

D
1.33 ^ 0.11 ns (standard deviation of the mean, n \ 10) corre-
sponding to a Calcium Green molecule that rotates in a

Fig. 9 Adsorption of Calcium Green 1 on albumin modiÐes the con-
formational equilibrium. Adsorption is conÐrmed by anisotropy mea-
surements. pH 7.2 ; KCl \ 1 mol L~1 ; EGTA \ 10 mmol L~1 ;
albumin \ 20È80 g L~1.

Fig. 10 The relaxation of Ñuorescence anisotropy was measured in
12 individual RINm5F cells incubated in RPMI medium. Part of the
anisotropy relaxes within 2 ns, corresponding to a free probe. The
remaining anisotropy relaxes over a very long time corresponding to
probes adsorbed on proteins. The proportions of the two components
vary strongly from cell to cell.

medium with a viscosity of 3.2 ^ 0.3 cP. That is three times
the viscosity of water.

The amplitude of the anisotropy relaxation varied from one
sample to another. It was always positive and less than 0.4.
The presence of long-lasting anisotropy is due to adsorption
of the probe on the protein. The dispersion of the extent of the
adsorption is probably due to the fact that we were not
always looking at the same subcellular organelles.

Hydrolysis of the cell permeant form

Calcium Green 1 is a highly polar molecule, which prevents
the probe from penetrating through the cell membranes. The
acetoxymethyl esters of Calcium Green 1 (GreenAM) are a
neutral form of the molecule that can penetrate into the
cells.29 In situ hydrolysis is done by cytosolic esterase. We
followed the Ñuorescence intensity and Ñuorescence decay
during the hydrolysis of GreenAM. The hydrolysis was per-
formed using 0.04 unit of esterase from Mucor miehei
(triacylglycerol acyl-hydrolase) in 10 ml of water at pH 7.2 in
the absence of any calcium chelator. As shown in Fig. 11, the
total intensity rises quickly to a quarter of the maximum value
in the Ðrst few seconds. This rapid rise is due to opening of the
lactone function that releases the aromaticity of the Ñuores-
cein ring. The associated Ñuorescence decay is biexponential

Fig. 11 Development of the Ñuorescence intensity during hydrolysis
of the acetoxymethyl esters of Calcium Green 1 by 0.04 unit of Mucor
miehei triacylglycerol acyl-hydrolase in 10 ml of water at pH 7.2. The
initial prompt increase is due to the opening of the lactone function of
Ñuorescein.

Phys. Chem. Chem. Phys., 1999, 1, 2463È2469 2467



with a short lifetime of 1 ns characteristic of a folded confor-
mation. The slow increase of the Ñuorescence intensity that is
observed later is associated with the appearance of a long-
lifetime component characteristic of the calcium bound form.
Six ester functions are present in GreenAM. Hence 26 \ 64
intermediates can be produced before complete hydrolysis. A
chemometric analysis of the family of Ñuorescence decays
showed that at least four Ñuorescence proÐles can be distin-
guished during the hydrolysis. This large number of com-
ponents prevents the correction of calcium activity
measurements for partial hydrolysis.

Discussion

The long-lifetime component of the Calcium Green Ñuorescence

The decay of the calcium free form of Calcium Green presents
a long-lifetime component that should be discussed,30 even if
the amount of impurity is 3%. The presence of an impurity
was suggested with the Ðrst samples.31 Scheenen et al.20
showed that Ñuorescent photo-products are produced during
Ñuorescence studies. This should be a minor contribution in
our results, which were mainly obtained using a large volume
cuvette in which the sample was continuously stirred. The
linear relationship that we observed between calcium activity
and the evolution of the Ñuorescence decay is not proof of
purity. This relationship represents the evolution of the Ñuo-
rescence signal and an impurity whose Ñuorescence is inde-
pendent of calcium activity will not inÑuence that evolution.
On the other hand, the Ñuorescence of impurities such as the
photodegradation products that still contain some part of the
BAPTA group depends on calcium activity. The linear plot in
Fig. 2 conÐrms the absence of such an impurity. In cells, we
have seen that Calcium Green is subjected to the same photo-
destruction that leads to an under-estimation of the calcium
activity.32 The inÑuence of the polarity on the amplitude of
the long-lifetime component is direct evidence for the absence
of an impurity of any type. The presence of an impurity at
more than 2% would have distorted the correlation.

Electron transfer process

The Ñuorescence of Calcium Green is independent of viscosity,
hence the quenching process is not due to the folding of the
molecule in the excited state. The e†ect of polarity on the
quenching rate conÐrms that the quenching proceeded
through a movement of charges. However, the quenching rate
cannot distinguish between a through-bond electron transfer
and an electron transfer in a folded transition state. The e†ect
of protein adsorption and of polarity on the amplitude of the
long-lifetime component cannot be explained by a through-
bond electron transfer, as this transfer should occur whatever
the conformation of the molecule. The existence of quenched
and non-quenched conformations favours through-space elec-
tron transfer in a folded transition state.

Hence the Ñuorescence reÑects a ground state conforma-
tional equilibrium. Such a ground state equilibrium might be
seen in absorption or excitation spectra by the presence of a
charge transfer band. Such a strong interaction in the ground
state is not seen and such a conformer would be non-
Ñuorescent or show a very fast decay of Ñuorescence.
However, the absence of such a strong interaction does not
preclude the existence of slowly interconverting conformers.

Calcium Green 1 as a probe

The inÑuence of adsorption on the probe response is due to
the probe mechanism that occurs through a ground state con-
formation equilibrium. This type of probe mechanism gives a
signal that is relatively insensitive to the origin of the pertur-
bation. That is why calcium complexation, protonation,

partial hydrolysis and adsorption will all modify the ratio of
the two components of the Ñuorescence without changing
their lifetime. The through-bond electron transfer mechanism
that was proposed originally would have provided a probe
with a much richer response and open the way to an absolute
measurement of calcium activity in living cells.

As a probe, Calcium Green behaves satisfactorily. The
response is independent of viscosity and it is only slightly
dependent on polarity. Even though the of 6.7 of thepK

a
BAPTA group falls outside the physiological domain, pH may
interfere during the measurement of very low calcium activity.
The major concern is adsorption on proteins, the variability of
which will disturb quantitative measurements in cells but will
not disturb relative measurements. We have used Calcium
Green 1 for ex vivo studies. Hydrolysis occurs within 30 min.
Photo-destruction of the BAPTA moiety can be rendered neg-
ligible by reducing the light intensity.14

Conclusions

Calcium Green 1 allows the measurement of calcium activity
in Ñuorescence lifetime studies over three orders of magnitude,
between 0.3 nmol L~1 and 0.2 lmol L~1, with a of 70K

d
nmol L~1. The probe is also sensitive to pH with a of 6.7.pK

a
It is not sensitive to viscosity and only slightly to polarity.
From the study of the polarity e†ect, we propose that the
Calcium Green response is due to a ground state conforma-
tion at equilibrium. This agrees with the inÑuence of the
adsorption of the probe on its Ñuorescence decay proÐle. The
short lifetime of the calcium free form of Calcium Green is due
to a through-space electron transfer occurring in a folded con-
formation.
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