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a b s t r a c t

Ca2+ carries information pivotal to cell life and death via its interactions with specific binding sites in a
protein. We previously developed a novel photoreactive reagent, azido ruthenium (AzRu), which strongly
inhibits Ca2+-dependent activities. Here, we synthesized new fluorescent ruthenium-based reagents
containing FITC or EITC, FITC-Ru and EITC-Ru. These reagents were purified, characterized and found
to specifically interact with and markedly inhibit Ca2+-dependent activities but not the activity of
Ca2+-independent reactions. In contrast to many reagents that serve as probes for Ca2+, FITC-Ru and
EITC-Ru are the first fluorescent divalent cation analogs to be synthesized and characterized that specif-
ically bind to Ca2+-binding proteins and inhibit their activity. Such reagents will assist in characterizing
Ca2+-binding proteins, thereby facilitating better understanding of the function of Ca2+ as a key bio-
regulator.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Ca2+ carries information pivotal to cell life and death via its
interactions with specific Ca2+-binding sites in proteins. As a li-
gand, Ca2+ has special flexibility and is able to bind to sites with
irregular geometry, which makes its binding to proteins particu-
larly easy [1,2].

Several reagents which interact specifically with Ca2+-binding
proteins and inhibit their activity have previously been reported.
Ruthenium red, [(NH3)5Ru–O–Ru(NH3)4–O–Ru(NH3)5]Cl6�4H2O
(RuR), a water-soluble hexavalent cation [3–5], competes for the
Ca2+-binding site [5]. Ruthenium amine binuclear complex
(Ru360), a derivative of RuR and inhibitor of the mitochondrial
Ca2+ uniporter [6] and some other Ca2+-binding proteins [4].
However, these compounds are not very specific and cannot be
used for localizing Ca2+-binding sites.

Recently, we developed a novel photoreactive reagent, Azido
Ruthenium (AzRu), which specifically and irreversibly binds to cal-
cium-binding proteins upon UV irradiation, and strongly inhibits
their Ca2+-dependent activities [4,7]. AzRu was used as a photore-
active reagent to characterize the Ca2+-binding sites of the mito-
chondrial voltage-dependent anion channel (VDAC) [8].

Several fluorescent and bioluminescent Ca2+ indicators have
been developed that enable the monitoring of changes in Ca2+

concentration in defined cell compartments (e.g. organelles and
cytosolic sub-regions) [9,10]. In this study, we report on the
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development of fluorescent indicators which are specific for
Ca2+-binding proteins, rather than the cation, Ca2+. These com-
pounds constitute a new class of fluorescent reagents which can
be used to specifically inhibit the activity of Ca2+-binding proteins,
and to monitor their binding to Ca2+-binding proteins thus serving
as a novel tool in the study of Ca2+-dependent processes.

2. Materials and methods

2.1. Materials

Calmodulin from bovine testes, Fluorescein isothiocyanate
(FITC), glucose-6-phosphate dehydrogenase, glutamate dehydro-
genase, Hepes, lactate dehydrogenase, leupeptin, myosin from por-
cine heart, NAD+, NaN3, phenylmethylsulfonyl fluoride (PMSF),
sucrose, Tris and yeast hexokinase were purchased from Sigma
(St. Louis, MO), unless otherwise indicated. Human recombinant
calbindin-D28K [11] was produced by PPS, (Rehovot, Israel). [45Ca]
and [103Ru] were purchased from NEN Life Science Products (Bos-
ton, MA). Sephadex LH-20 was purchased from Amersham Biosci-
ences. Thin layer chromatography (TLC) plates were purchased
from Merck (Darmstadt, Germany). Eosin 5-isothiocyanate (EITC)
and dimethylformamide (DMF) were purchased from Fluka. Ruthe-
nium chloride was purchased from Aldrich.

2.2. Synthesis, purification and characterization of FITC-Ru and
EITC-Ru

AzRu was synthesized, purified and characterized as previously
described [4,7]. FITC-Ru was synthesized by incubating AzRu and
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FITC, each at a final concentration of 10 mM, in a total volume of
2 ml containing 50% DMF, at 25 �C overnight. The reaction solution
was loaded onto a Sephadex LH-20 column (2.5 � 50 cm) previ-
ously equilibrated with 10 mM Tricine, pH 8. The loaded column
was then washed with 10 mM Tricine, pH 8. 1.5 ml fractions were
collected and those with maximal absorbance at 495 nm were
combined and lyophilized. The product was analyzed on silica gel
F254 plates by TLC using 80% 1 M ammonium formate, pH 8.5,
and 20% methanol as developer. The product migrated as a single
spot with Rf = 0.6, while FITC and AzRu migrated with Rf values
of 0.8 and 0, respectively. All steps were carried out in the dark.

The purified product FITC-Ru had a maximal absorbance at
495 nm. A molar absorption coefficient of �92,000 cm�1 M�1 was
estimated. The exact mass of FITC-Ru (854.74 Da) and the mass
fragmentation pattern of FITC-Ru were determined by liquid chro-
matography-mass spectrometry (LC/MS) and used to reveal the re-
agent structure (performed by Dr. Dhananjaya Nauduri).

Radiolabeled FITC-Ru was synthesized as described above for
the non-radioactive reagent, using Az103Ru as starting material.
EITC-Ru was synthesized as described for FITC-Ru, except that
the reaction was carried out in 60% DMF. The reaction solution
was loaded onto a Sephadex LH-20 column (1.5 � 75 cm) previ-
ously equilibrated with 30% DMF in double distilled water
(DDW). The column was washed with 30% DMF in DDW and the
fractions with maximal absorbance at 528 nm were collected and
lyophilized. The product was then analyzed on silica gel F254 plates
by TLC using 60% ethyl acetate, 30% methanol and 10% DDW as
developer. The product migrated as a single spot with Rf = 0.7 but
was determined to not be completely free of EITC. Thus, further
purification was carried out using a Phenyl-Sepharose column
(1 � 34 cm) previously equilibrated with 20% DMF in 10 mM Tri-
cine, pH 8. The reagent was eluted from the column with 20%
DMF in 10 mM Tricine, pH 8, and the fractions with maximal
absorbance at 528 nm were collected and lyophilized. The product
was then analyzed on silica gel F254 plates by TLC as above. All
steps were carried out in the dark. The purified product EITC-Ru
had a maximal absorbance at 528 nm and was deemed to be about
95% pure.

2.3. Membrane preparations and protein purification

Sarcoplasmic reticulum (SR) membranes were prepared from
rabbit fast twitch skeletal muscle as described [12]. Mitochondria
were isolated from rat liver as described previously [3].

2.4. Transport and enzymatic activities

2.4.1. Ca2+ accumulation by SR membranes
SR membranes (0.44 mg/ml) were incubated for 10 min with

FITC-Ru or EITC-Ru (5–80 lM and 2–30 lM, respectively) in the
dark in a solution containing; 20 mM MOPS, 0.1 M KCl, pH 6.8. Fol-
lowing incubation with the reagents, 45Ca2+ uptake was assayed for
2 min in a solution containing 20 mM MOPS, 0.1 M KCl, 1.5 mM
MgCl2, 1.5 mM ATP, 0.5 mM EGTA, 0.5 mM CaCl2 (containing
8 � 103 cpm/nmol 45Ca2+) and 50 mM Pi, pH 6.8, as described pre-
viously [12]. 45Ca2+ uptake was terminated by rapid Millipore fil-
tration followed by a wash with 5 ml of 150 mM KCl.

2.4.2. Mitochondrial Ca2+ uptake
Freshly isolated rat liver mitochondria (1 mg/ml) were incu-

bated for 5 min with EITC-Ru (2–30 lM) in the dark in a solution
containing 220 mM mannitol, 70 mM sucrose, 5 mM MgCl2,
5 mM ATP, 20 mM Tris–HCl, pH 7.4. Following incubation, 45Ca2+

uptake by mitochondria (1 mg/ml) was initiated by addition of
120 lM CaCl2 (containing 45Ca2+ 8 � 103 cpm/nmol). After 2 min
of incubation at 30 �C, uptake was terminated by rapid Millipore
filtration followed by a wash with 5 ml of 150 mM KCl.
2.4.3. Enzymatic activities
Lactate dehydrogenase, pyruvate kinase [13], yeast hexokinase,

glucose-6-phosphate (G-6-P) dehydrogenase, glutamate dehydro-
genase and Ca2+-ATPase activities were assessed at room tempera-
ture by monitoring the reduction of NAD+ or the oxidation of NADH
at 340 nm using an Ultraspec 2100 spectrophotometer, accordingly
(Amersham Pharmacia Biotech). Lactate dehydrogenase and pyru-
vate kinase were used in coupled reactions.
2.5. Fluorescence measurements

All excitation and emission spectra and fluorescence intensity
were measured using a Perkin- Elmer LS55 fluorometer at room
temperature (25–26 �C), using 5 nm slit widths for all measure-
ments. Changes in fluorescence intensity upon FITC-Ru binding
to a protein were measured in a cuvette (0.2 ml) containing
150 mM NaCl and 40 mM Tris–HCl, pH, 7.4, and aliquots of FITC-
Ru or protein solution were added successively. The difference be-
tween the fluorescence intensity (DF) in the presence and absence
of the protein was taken as resulting from FITC-Ru interaction with
the protein. An excitation wavelength of 491 nm and an emission
wavelength of 515 nm were used. Curve fitting to the data was
done using Sigma Plot 2000 software.
2.6. Reconstitution of purified intact VDAC into a planar lipid bilayer
(PLB), single channel current recording and data analysis

VDAC purified from sheep liver mitochondria was solubilized
with LDAO and purified using hydroxyapetite resin, as described
previously [14]. Purified VDAC was used for channel reconstitution
into a planar lipid bilayer (PLB) prepared from soybean asolectin
dissolved in n-decane (50 mg/ml). Purified VDAC was added to
the cis chamber containing 1 M NaCl and 10 mM Hepes, pH, 7.4.
After one or more channels were inserted into the PLB, currents
were recorded by voltage-clamping using a Bilayer Clamp
BC-525B amplifier (Warner Instruments, Hamden, CT). Current
was measured with respect to the trans side of the membrane
(ground). The current was digitized on-line using a Digidata 1200
interface board and pCLAMP 6 software (Axon Instruments, Union
City, CA).
3. Results

3.1. Synthesis, purification and characterization of FITC-Ru and EITC-
Ru

The aim of this study was to develop new fluorescent reagents
for characterizing the Ca2+-binding properties of proteins. Since
AzRu interacts with Ca2+-binding proteins [4], we hypothesized
that it may interact with the fluorescent Fluorescein isothiocyanate
(FITC) or Eosin 5-isothiocyanate (EITC) to yield Ca2+ analog fluores-
cent reagents. Accordingly, we synthesized two new reagents,
FITC-Ru and EITC-Ru, from AzRu (or Az103Ru) and FITC or EITC,
respectively. FITC-Ru was purified on a Sephadex LH-20 column,
with AzRu(5+) eluted first, followed by the charged FITC-Ru mole-
cule, while FITC remained bound to the matrix (Fig. 1). A similar
method was used to synthesize and purify EITC-Ru. The obtained
IR spectrum indicated that the synthesized reagents contained no
azide groups (data not shown).

Radioactive [103Ru]FITC-Ru was also synthesized and purified
(Fig. 1) and its specific activity was used to estimate its concentra-



Fig. 1. Purification of FITC-Ru and [103Ru]FITC-Ru and their characterization (A) [103Ru]FITC-Ru and FITC-Ru, synthesized as described in Section 2, show a similar elution
profile either upon radioactive counting (N) or absorbance at 495 nm (d). (B) TLC analysis demonstrated that FITC-Ru is free of its precursors, AzRu and FITC, used in its
synthesis, as visualized by fluorescence and autoradiography. (C) The structural formula of FITC-Ru was determined by LC/MS. (D) Excitation (I) and emission (II) spectra of
FITC (0.5 lM) and FITC-Ru (2 lM), diluted in 20 mM MOPS, pH 7. Excitation (III) and emission (IV) spectra of EITC (1 lM) and EITC-Ru (5 lM), diluted in 20 mM MOPS, pH 7.
The spectra were recorded using a Perkin Elmer LS55 fluorometer.
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tion. Absorbance at 495 nm was used to determine a molar absorp-
tion coefficient of �92,000 cm�1 M�1 for non-radioactive FITC-Ru.

Structural analysis of FITC-Ru by liquid chromatography-mass
spectrometry (LC/MS), providing the exact mass of FITC-Ru
(854.74 Da) and its mass fragmentation pattern. Based on these re-
sults, we propose a structural formula for FITC-Ru (Fig. 1C).

FITC-Ru and EITC-Ru show maximal excitation at 491 nm and
518 nm, respectively (Fig. 1D I and D III) and maximal fluorescence
at 515 nm and 543 nm, respectively (Fig. 1D II and D IV). It is
important to note that the fluorescence intensities of FITC-Ru
and EITC-Ru were weaker than those of FITC and EITC, respectively.

3.2. FITC-Ru and EITC-Ru inhibit Ca2+ accumulation in isolated
membranes as well as VDAC channel activity

FITC-Ru and EITC-Ru inhibited the Ca2+/Mg2+-ATPase activity
and the coupled Ca2+ accumulation in SR membranes isolated from
rabbit skeletal muscle. FITC-Ru and EITC-Ru inhibited Ca2+ accu-
mulation with half-maximal inhibition (IC50) at 37 lM and
8 lM, respectively and the Ca2+/Mg2+-ATPase activity, in a concen-
tration-dependent manner, with IC50 values of 40 lM and 14 lM,
respectively (Fig. 2A and B).

Mitochondria contain several recently identified systems for
transporting Ca2+ [15] that were identified recently. The mitochon-
drial Ca2+ uniporter (MCU) [16,17], its regulatory protein, the
MICU1 (mitochondrial calcium uptake 1) [18], the high-affinity
mitochondrial Ca2+/H+ exchanger, Letm1 [19], as well as the Na+/
Ca2+ exchanger NCLX [20].

EITC-Ru inhibited Ca2+ accumulation in mitochondria freshly
isolated from rat liver with an IC50 of 14 lM (Fig. 3A).

VDAC is a channel protein which possesses Ca2+-binding sites
and transports Ca2+ across the mitochondrial outer membrane
[3]. Channel activity of purified VDAC reconstituted into a planar
lipid bilayer (PLB) was measured in terms of ions passing cur-
rent across the bilayer in response to voltage gradient. In the ab-
sence of FITC-Ru, at �10 mV, VDAC was stable in a long-lived,
fully open state. However, addition of FITC-Ru to the same chan-
nel induced VDAC closure, in a time-dependent manner (Fig. 3B
I). At �40 mV, the channel showed different sub-conducting
states, addition of FITC-Ru induced channel closure to a stable
sub-state (Fig. 3B II). In multichannel measurements, the protein
exhibits typical voltage-dependence conductance, with the high-
est conductance obtained at membrane potentials between �20
and +20 mV and with decreasing conductance at both high
negative and positive potentials. In the presence of FITC-Ru,
the channel showed almost no voltage-dependent conductance,
and exhibited low conductance values at all voltages tested
(Fig. 3C).



Fig. 2. FITC-Ru and EITC-Ru inhibit Ca2+-dependent but not Ca2+-independent reactions. SR was incubated for 10 min at 24 �C with the indicated concentrations of FITC-Ru (A)
or EITC-Ru (B), and assayed for Ca2+ uptake (d) and ATPase activity (s). Lactate dehydrogenase (LDH) and glucose-6-phosphate dehydrogenase (G6PDH) were incubated for
3 min at 24 �C with the indicated concentrations of FITC-Ru (C) or EITC-Ru (D). The enzymatic activities were assayed as described in Section 2.

Fig. 3. EITC-Ru inhibits Ca2+ uptake in isolated mitochondria and FITC-Ru reduced channel conductance of VDAC. (A) Isolated mitochondria were incubated for 10 min at
24 �C with the indicated concentrations of EITC-Ru and assayed for Ca2+ uptake as described in Section 2. Control activity (100%) was 64 nmol/mg protein. Shown is a
representative of three similar experiments. (B) FITC-Ru reduced VDAC channel conductance. VDAC was reconstituted into a PLB, and channel currents through VDAC, in
response to voltage steps from 0 to �10 mV (I) or �40 mV (II), were recorded before and 30 min after the addition of FITC-Ru (10 lM). A representative of three independent
experiments is shown. The dashed lines indicate zero-current. C. The effect of FITC-Ru on VDAC conductance as a function of voltage. The average steady-state conductance at
a given voltage was normalized to the conductance at 10 mV (conductance/maximal conductance of the control). The recordings were taken before (d) and after (s) the
addition of FITC-Ru.
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Table 1
FITC-Ru and EITC-Ru specifically inhibit Ca2+-dependent activities Summary of the effects of FITC-Ru and EITC-Ru on the activities of Ca2+-(1–3) or Mg2+-dependent (4) or -
independent proteins (5–8). The degrees of inhibition by 60 lM of FITC-Ru or 20 lM of EITC-Ru is presented. The results represent means ± SEM of three experiments.

Activity assayed Activity (% of control)

FITC-Ru EITC-Ru

K0.5 (lM) 60 lM K0.5 (lM) 20 lM

1. Ca2+ uptake by SR 37 35 8 8 ± 1
2. Ca2+ uptake by mitochondria – – 14 33
3. Ca2+-ATPase activity 40 32 ± 2 14 36 ± 10
4. Yeast hexokinase – 68 ± 3 – 57 ± 4
5. Glutamate dehydrogenase – 71.5 ± 0.5 – 74 ± 8
6. G-6-P dehydrogenase – 97 ± 3 – 85 ± 4
7. Pyruvate kinase – 99 ± 3 – 75.5 ± 0.5
8. Lactate dehydrogenase – 107 ± 7 – 84 ± 5

Fig. 4. FITC-Ru fluorescence is enhanced upon binding to Ca2+-binding proteins (A) Relative fluorescence emission spectra of FITC-Ru (0.3 lM) in the absence (–) and presence
of 2 lM calmodulin (D), myosin (s) or calbindin-D28K (j) measured in a solution containing 150 mM NaCl and 40 mM Tris–HCl, pH 7.4, as described in Section 2. Emission
spectra were collected upon excitation at 491 nm. (B) Change in FITC-Ru (0.3 lM) fluorescence as a function of calmodulin (D), calbindin-D28K (j) or myosin (s)
concentration. The difference between the fluorescence intensity of FITC-Ru in the presence and the absence of the protein (DF) is plotted as a function of protein
concentration. Samples were excited at 491 nm and emission was measured, 1 min after each addition, at 515 nm. Solid lines represent best fits of the data, using Sigma Plot
2000 software. Results are shown in AU (arbitrary units). (C) Competitive displacement of FITC-Ru (0.3 lM) from calmodulin (5.5 lM) by CaCl2. DF is plotted as a function of
calcium concentration. Results are shown in AU (arbitrary units).
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3.3. FITC-Ru and EITC-Ru interact specifically with Ca2+-binding
proteins

The specificity of the interactions of FITC-Ru and EITC-Ru with
Ca2+-dependent proteins was established by testing their effects
on known Ca2+-dependent and Ca2+-independent proteins (Ta-
ble 1). Both FITC-Ru and EITC-Ru were found to inhibit the activity
of Ca2+-dependent proteins tested, in a concentration-dependent
manner. In contrast, neither FITC-Ru nor EITC-Ru had any effect
on the activity of four different Ca2+-independent enzymes, includ-
ing glucose-6-phosphate dehydrogenase and lactate dehydroge-
nase, at the concentrations tested (Fig. 2C and D). Furthermore,
FITC-Ru and EITC-Ru only weakly inhibited the activity of the
Mg2+-dependent protein, yeast hexokinase (Table 1). These results
strongly support the specific interaction of these reagents with
Ca2+-binding proteins.
3.4. Characterization of the interaction of FITC-Ru with Ca2+-binding
proteins

In order to investigate whether these fluorescent Ca2+ analogs
could be used as probes for monitoring reagent interaction with
Ca2+-binding proteins, we analyzed changes in FITC-Ru fluores-
cence in the presence of Ca2+-binding and non-binding proteins.
Fig. 4 shows the fluorescence spectra of FITC-Ru alone and in the
presence of calmodulin, calbindin-D28K or myosin. FITC-Ru binding
to calmodulin [21] or calbindin-D28K [22], Ca2+-binding proteins of
the EF-hand family, resulted in enhanced FITC-Ru fluorescence,
with no significant shift in emission or excitation wavelengths
(Fig. 4A). Calmodulin enhanced fluorescence two times higher than
calbindin and four times higher than myosin (Fig. 4A). Myosin has
been shown to possess Ca2+-dependent ATPase activity [23]. No
FITC-Ru fluorescence enhancement was obtained with hexokinase,
a protein containing Mg2+-binding sites (data not shown).

The difference in the fluorescence intensity (DF) between free
and protein-bound FITC-Ru, was used to follow FITC-Ru binding.
A typical plot of DF (at 515 nm) versus protein concentration gen-
erates a fluorescence titration curve for the Ca2+-binding proteins,
calmodulin, calbindin-D28K and myosin (Fig. 4B), with no changes
in fluorescence observed with hexokinase (data not shown). The
change in the FITC-Ru fluorescence is saturable, protein concentra-
tion-dependent and allows for determination of the dissociation
constants (Fig. 4B). To calculate binding affinity, we used the fol-
lowing equation, obtained from Sigma Plot 2000 software:

DF ¼ DFmax½P�h

½P�h50 þ ½P�
h

where [P] represents the concentration of the protein, [P]50 repre-
sents the concentration of protein needed for half-maximal binding
of the ligand, and the h represents the Hill constant, i.e. the degree
of cooperativity in the binding process.

Formation of the protein-FITC-Ru complex increased with
increasing protein concentration, with half-maximal binding of
FITC-Ru to the protein achieved at 2.26, 0.56 and 0.26 lM for cal-
modulin, calbindin-D28K and myosin, respectively. The calculated
cooperativity constants are 0.877, 3 and 2.6 for calmodulin, calbin-
din-D28K and myosin, respectively (Fig. 4B). Calmodulin contains
four Ca2+-binding sites, of which 2 are high-affinity and are
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considered to be occupied with Ca2+ in the native state of the pro-
tein [21]. Calbindin-D28K presents six EF-hand domains and is
known to bind four calcium ions [24], while myosin includes two
Ca2+-binding sites with distinct affinities [25]. Since FITC-Ru
contains two Ru molecules, it is difficult to correlate the calculated
cooperativity constant, i.e. the Hill coefficient, with the calculated
cooperativity constant of the complex with those reported for
calmodulin, calbindin and myosin [21–25].

Enhanced fluorescence of FITC-Ru binding to calmodulin was
also analyzed as a function of FITC-Ru concentration. At low FITC
concentrations (up to 0.6 lM), fluorescence was enhanced in the
presence of calmodulin (data not shown). Beyond 0.6 lM, how-
ever, a decrease in DF was observed. This may result from quench-
ing due to FITC-Ru binding to the second binding site, as such a
decrease was not obtained with myosin or without protein.

Ca2+ addition to the FITC-Ru-calmodulin complex decreased the
enhanced fluorescence of bound FITC-Ru, suggesting that Ca2+

displaces FITC-Ru from its binding site in calmodulin (Fig. 4C).
It should be noted that when monitoring binding of FITC-Ru to

membrane proteins, such as purified SR Ca2+-ATPase, we found
that FITC-Ru was associated also with hydrophobic sites in the
protein and/or the detergent surrounding the protein (data not
shown).
4. Discussion

A variety of fluorescent Ca2+ indicators that allow monitoring
changes in intracellular free Ca2+ concentrations are commercially
available [26]. These probes, however, do not allow for the moni-
toring and characterization of Ca2+-binding proteins and their
Ca2+-binding sites. In this study, we report the synthesis and char-
acterization of the first fluorescent Ca2+-analog reagents, FITC-Ru
and EITC-Ru, which bind specifically to Ca2+-binding proteins.
The specificities of FITC-Ru and EITC-Ru for Ca2+-binding proteins,
together with their fluorescence properties, and their relative sim-
ple synthesis opens the opportunity for characterizing the Ca2+-
binding sites of proteins, including the determination of binding
kinetics.

The specific interaction of FITC-Ru and EITC-Ru with Ca2+-bind-
ing proteins was reflected in the ability of these reagents to inhibit
Ca2+-dependent activities. Both the SR Ca2+-pump that transports
Ca2+ using the energy of ATP hydrolysis (Fig. 2) and the mitochon-
drial uniporter, which is situated in the inner membrane and is dri-
ven by the membrane potential to transport Ca2+ to the matrix
(Fig. 3A), were strongly inhibited by the reagents. Moreover,
FITC-Ru induced channel closure of VDAC, which is located in the
outer membrane of the mitochondria, possesses Ca2+ binding sites
and transports Ca2+ (Fig. 3B and C). In contrast, the reagents had no
effect on Ca2+-independent reactions and only slightly affected
Mg2+-dependent activities, indicating the specificity of FITC-Ru
and EITC-Ru for Ca2+-binding proteins (Fig. 2 and Table 1).

FITC-Ru and EITC-Ru allowed the Ca2+-binding properties of
proteins to be characterized by monitoring the change in their
fluorescence. Our results demonstrate that FITC-Ru displayed en-
hanced fluorescence upon binding to Ca2+-binding proteins, cal-
modulin and calbindin-D28K, but not with non-Ca2+-binding or
Mg2+-binding proteins, such as hexokinase (Fig. 4). The enhanced
FITC-Ru fluorescence upon binding to a Ca2+-binding site suggests
that the FITC moiety is found in an environment different than that
presented in aqueous solution.

Ca2+ was able to decrease the fluorescence enhancement ob-
tained upon FITC-Ru binding to calmodulin, suggesting displace-
ment of FITC-Ru from its binding site(s) by Ca2+. This finding,
together with the specific inhibition of Ca2+-dependent activities
by FITC-Ru (Figs. 2 and 3 and Table 1), suggests that FITC-Ru binds
to the Ca2+-binding sites in the protein and proves the reagents as
potentially useful as a Ca2+ analog.

In conclusion, these novel fluorescent probes, FITC-Ru and EITC-
Ru, are the first fluorescent divalent cation analogs to be synthe-
sized and characterized that specifically bind to Ca2+-binding pro-
teins and inhibit their activity. Such reagents with their specificity
for Ca2+-binding proteins and their fluorescence properties are
attractive for the study of Ca2+-mediated activities, and will assist
in characterizing Ca2+-binding proteins, thereby facilitating better
understanding of the function of Ca2+ as a key bio-regulator and
likely prove useful for many other applications.
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