
Biophysical Journal Volume 67 October 1994 1646-1654

Protein and Acidosis Alter Calcium-Binding and Fluorescence Spectra of
the Calcium Indicator lndo-1
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ABSTRACT The fluorescent indicator indo-1 is widely used to monitor intracellular calcium concentration. However, quan-
titation is limited by uncertain effects of the intracellular environment on indicator properties. The goal of this study was to
determine the effects of protein and acidosis on the fluorescence spectra and calcium dissociation constant (Kd) of indo-1. With
350 nm excitation light, the ratio of indo-1 fluorescence in the absence versus the presence of saturating Ca2l at wavelength
A (SA) and Kd increased with [protein]. At pH 7.3, Kd, S4w, and S470, which were 210 nM, 0.033, and 1.433 in the absence of
protein, increased to 808 nM, 0.161, and 2.641, respectively, by adding proteins from frog muscle and to 638 nM, 0.304, and
3.039, respectively, by adding proteins from rat heart. Effects of protein on indo-1 fluorescence were reduced at higher [indo-1].
Acidosis (pH 6.3) had separate effects, which were additive to those of protein: in the absence of protein, acidosis increased
Kd to 640 nM; frog muscle proteins further increased Kd to 1700 nM. Acidosis also changed S. slightly. In summary, interaction
with protein or protons alters indo-1 calcium-binding and fluorescence. These findings are consistent with several previous
studies and suggest that indo-1 calibration constants need to be derived in the presence of appropriate types of protein, ratio
of [indo-1y[protein], and pH.

INTRODUCTION

Indo-1 is widely used to monitor intracellular Ca2" concen-
tration ([Ca2+]i); however, quantitation of [Ca2+]i is ham-
pered by uncertain effects of intracellular milieu on the re-
sponse of indo-1 to calcium. For example, although it is
becoming increasingly recognized that indo-1 fluorescence
spectra and the calcium dissociation constant (Kd) may be
altered by interactions with intracellular proteins, or by
changes of intracellular pH, uncertainty still exists on the
magnitude of these changes.

Several studies suggest that indo-1 fluorescence spectra
are altered by interaction with protein. Indo-1 fluorescence
spectra were blue-shifted in permeabilized myocytes com-
pared with protein-free solution (Hove-Madsen and Bers,
1992); these effects were partly attributed to light absorption
by the sample and also to indo-1 interaction with protein
(Hove-Madsen and Bers, 1992). The fluorescence spectrum
of calcium free indo-1 was blue-shifted by albumin or protein
mixtures; however, the spectrum of the calcium-bound spe-
cies was little affected (Brandes et al., 1993). Finally, the
ratio of indo-1 fluorescence at two wavelengths in the ab-
sence of calcium (Rmir) was increased by a factor of seven
in-vivo compared with in-vitro; however, the ratio with satu-
rating calcium (Rm.) was unaltered (Westerblad and Allen,
1993). Similar to the report of Brandes et al. (1993), this
finding may also be caused by interaction of indo-1 with cell

Receivedforpublication 23 December 1993 and infinalform 15 April 1994.
Address reprint requests to A. J. Baker, Magnetic Resonance Unit (114 M),
Department of Veteran Affairs Medical Center, University of California,
San Francisco, 4150 Clement Street, San Francisco, CA 94121. Tel.: 415-
750-2158; Fax: 415-668-2864; E-mail: ajbaker@ltsa.ucsf.edu.
©) 1994 by the Biophysical Society
0006-3495/94/10/1646/09 $2.00

protein causing a blue-shift in the fluorescence of calcium-
free- but not calcium-bound indo-1.

Several studies have suggested that indo-1 Kd for calcium
is not altered in the cell compared with protein-free solution
(Spurgeon et al. 1990; Ikenouchi et al., 1991; Westerblad and
Allen, 1993), whereas others have suggested that Kd in-
creases in the cell by up to a factor of five (Hove-Madsen and
Bers, 1992). A similar uncertainty exists concerning the ef-
fects of cell protein on the Kd of the related calcium indicator
fura-2: intracellular milieu was suggested to have little effect
on fura-2 Kd for calcium (Backx and Ter Keurs, 1993),
whereas others found fura-2 Kd increased by a factor of three
to four in the presence of protein solutions (Konishi et al.,
1988). Recently, the Kd of two other tetracarboxylate indi-
cators (fura-red and fluo-3) were found to increase in the
presence of proteins (Kurebayashi et al., 1993; Harkins et al.,
1993).

Significant decreases in intracellular pH may occur in tis-
sue during a variety of conditions such as skeletal muscle
fatigue or during myocardial ischemia. However, the effects
of decreased pH on indo-1 properties has not been studied in
detail: the effect of changes of pH on indo-1 fluorescence is
little known (Lee et al., 1988); furthermore, no studies have
examined the combined effects of protein and acidosis on
fluorescence and Kd. In-vitro, and in the absence of protein,
a decline in pH from pH 7.0 to 6.0 caused indo-1 Kd to
increase from 190 to 530 nM (Lattanzio, 1990). Over a nar-
rower range of proton concentration, the Kd of indo-1 in-
creased slightly from 180 to 240 nM with a decline in pH
from 7.9 to 6.8 (Westerblad and Allen, 1993).

Because of the uncertain effects of proteins and pH on
indo-1, and the importance of indo-1 as a tool for monitoring
[Ca21]i, the goal of this study was to determine the effects of
protons and proteins (from both frog skeletal muscle or rat
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heart) on indo-1 Kd for calcium and indo-1 fluorescence spec-
tra. We used conditions relevant to our in-vivo studies
(Brandes et al., 1993; Baker et al., 1993, 1994); however,
generalizations for other studies may be made concerning the
effects of proteins and protons on indo-1.
The present studies found that proteins and protons had

separate and additive effects on indo-1 Kd for calcium and
fluorescence spectra. Calcium calibration constants used to
derive [Ca+']i from indo-1 fluorescence, therefore, were sig-
nificantly altered by [protein] and changes of pH.

MATERIALS AND METHODS

Animal methods

Frog

Bullfrogs (Rana catesbeiana) (length 6 inches), n = 5, were killed by
double pithing. Thigh musculature was removed to prepare muscle homo-
genates (n = 3). To record calcium signals during contraction, the ventral
head of the semitendinosus muscle was removed and loaded with indo-1 by
arterial perfusion with indo-1-AM (acetoxymethyl ester) (Molecular Probes,
Eugene, OR) as previously described (Baker et al., 1993) (n = 2).

Rat

Male Sprague-Dawley rats (400-500 g), n = 20, were anticoagulated with
heparin (1 ml i.p.) and anesthetized with ketamine (1 ml i.p.). Hearts were
excised and arrested in cold isosmotic saline containing 30 mM KCI. Iso-
lated hearts were briefly perfused retrograde with a modified Krebs-
Heinseleit (Brandes et al., 1993) perfusate to remove ventricular blood, and
the left ventricle was isolated and homogenized.

Preparation of protein extracts from
tissue homogenates

Frog muscle

In three separate preparations, 50 g of thigh musculature from each frog
was homogenized over ice using a Polytron blender (Brinkman Instruments,
Ontario, Canada) in 65 ml of buffer containing 80mM KCI, 10mM PIPES,
and 2 mM NaN3 to inhibit bacterial growth: in two preparations the pH of
the buffer was adjusted to 7.3, and in the other to pH 6.3. pH adjustment
required =20mM KOH; thus, total [K+] in the buffers was -100mM. The
protease inhibitor phenylmethylsulfonyl fluoride (0.2 mM) was added to the
homogenate. The homogenate was centrifuged at 100,000 x g for 1 h at 4°C,
which yielded -75 ml of supematant ([protein] 15 mg/ml), which was
lyophilized. The dried protein powder was resuspended in 10 ml of the
PIPES buffer (see above), sealed in dialysis tubing (which retained protein
with a molecular weight >12,000; Sigma Chemical Co, St. Louis, MO) and
exhaustively dialyzed at 4°C against 400 ml of the PIPES buffer for 2.5 days
with a solution change every 12 h. In two preparations, protein extracts were
dialyzed against buffer at pH 7.3, and in one preparation proteins were
dialyzed against buffer at pH 6.3. [protein] was measured spectrophoto-
metrically using a Bradford assay. The pH of the protein extract was re-
adjusted to pH 7.3 or 6.3. Finally, to remove any precipitate that formed
during dialysis, the protein extract was centrifuged at 3000 X g for 10 min
at 4°C. Yield was -10 ml with 80 mg/ml [protein]. The protein extract was
kept on ice and used within 3 days (freezing caused some denaturation).

Rat heart

-25 g of rat left ventricle from a total of 20 rat hearts was homogenized
over ice in 125 ml of PIPES buffer (pH 7.3) (see above). Thereafter, prepa-

ration of proteins was similar to that described above. After lyophilization,
powder was resuspended in 6.5 ml of buffer; after dialysis (see above), final
[protein] was adjusted to 80 mg/ml by addition of buffer.

Measurement of indo-1 fluorescence and Kd
Instrumentation

Fluorescence was measured using an SLM 48000S spectrofluorometer
(SLM instruments, Urbana, IL). Light from a 450 W xenon arclamp was
reflected from a dichroic reflector (Oriel, Stratford, CT) that reflected ultra-
violet light (340-450 nm) passed through an infra-red absorption filter (ab-
sorbing >750nm) (Schott KG-1, Duryea, PA), filtered at 350 or 360 nm with
interference filters (10-nm bandwidth) (Corion, Holliston, MA) and passed
through a quartz fiber optical cable (Dolan-Jenner Industries, Woburn, MA),
and focused onto a cuvette containing 2 ml of sample plus indo-1 free acid
(12 AM, Molecular Probes). Fluorescent light, collected perpendicular to the
illumination, was collected above 380 nm using a high pass filter (Schott,
KV 380; to absorb scattered excitation light), and the intensity was measured
with an emission monochromator at wavelengths between 360 and 640 nm
with the bandwidth set to 1 nm.

Measurement protocol

Free [Ca2t] was controlled by varying the ratio of EGTA to CaEGTA, from
which the resultant free [Ca"t] could be calculated after accounting for the
effect of pH on the calcium dissociation constant of EGTA. Using the
method of Tsien and Pozzan (1989), the Kd of EGTA for calcium was
calculated to be 95.4 nM at pH 7.3 and 9.35,uM at pH 6.3 and 20°C. The
adequacy of calcium-buffering was verified by use of different concentra-
tions of total EGTA, which gave comparable results.

Protein extract containing indo-1 free acid (12,M) was divided into two
samples; EGTA (10 mM) was added to one (zero calcium), and CaEGTA
(10 mM) was added to the other (high calcium). The free [Ca2t] of the high
calcium sample was sufficient to saturate indo-1 as verified by an unchanged
Ca2'-bound indo-1 emission spectrum after addition of excess CaCl2. EGTA
and CaEGTA were from 100mM stock solutions made up in 100 mM KCl
(Molecular Probes) and adjusted to pH 7.3 or 6.3. After recording the emis-
sion spectrum of the zero calcium sample, free [Ca2t] was progressively
increased by successive removal of aliquots of the zero calcium sample and
replacement with equal volumes of the high calcium sample, with spectra
recorded at each [Ca2t]. All indo-1 fluorescence spectra were corrected for
the influence of protein and/or instrumental background fluorescence by
subtraction, at each [protein], of a spectrum recorded in the absence of
indo-1.

Data analysis

Indo-1 fluorescence emission spectra obtained in protein-free solution in the
absence of Ca2t and with saturating Ca2t are shown in Fig. 1 A. The ratio
of these spectra gives the calibration parameter S as a function of wavelength
(Grynkiewicz et al., 1985). At emission wavelengths below the isosbestic
wavelength (AXso, at S = 1), indo-1 fluorescence intensity increases with
increased [Ca2t] and vice versa.

With fluorescence measured in-vivo at wavelengths A1 and A2, the S
values at these wavelengths, SAl and SA2, would be required to calculate
[Ca2t]1 (Brandes et al., 1993) (see below). Different investigators use dif-
ferent A1 and A2; in this study, the effect of [protein] on S values was
determined at wavelengths that were used to measure indo-1 in-vivo fluo-
rescence in this laboratory. However, the effects of [protein] on fluorescence
can be generalized qualitatively to all wavelengths.

Kd was determined by fitting Kd to the relationship between the fluo-
rescence ratio (R; measured using emission at 400 and 470 nm) and [Ca2"]
according to Eq. 1 (Grynkiewicz et al., 1985):

[Ca2+r = Kd * S470 - (R - Rmi)/(Rmax -R), (1)

where Rmin and Rma, are the ratios of fluorescence (at 400 and 470 nm)
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where SR = (1 - SA2)/(l - SA1). The values of SA1 and SA2 were taken from
the in-vitro calibrations, whereas bH, defined as the slope of the relationship
between fluorescence intensities at wavelengths A2 vs. Al (Brandes et al.,
1993), was obtained from the in-vivo measurements (see Results).
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FIGURE 1 (A) Emission spectra of Ca2"-free and Ca2"-bound indo-1 in
the absence of protein (350-nm excitation). The ratio of Ca2+-free/Ca2+-
bound spectra yields the spectrum of S values (Grynkiewicz et al., 1985).
(B) Indo-1 emission spectra obtained in the presence of frog muscle proteins
(12 mg/ml) at different [Ca2+] (different experiment than A). Inflections in
the spectra occurred around 420 nm because of light absorption by the
sample.

obtained at zero and saturating [Ca2+], respectively, and N is the number of
Ca2+ binding to indo-1.

Kd and S values considerably increased with [protein], whereas Ai, de-
creased. These parameters were fit to a simple binding relationship de-
scribed by

Y = Yo + AY, ,* [protein]/([protein] + P5,), (2)

where Y is the parameter value (of Kd, S or A,) at a particular [protein], Y0
is the value measured in the absence of protein, AY,, is the maximum change
in Y extrapolated to saturating [protein], and P50 is the [protein] causing a

50% change in Y.

In-vivo measurements
Methods used to monitor [Ca2+]i in frog skeletal muscle have been described
in detail (Baker et al., 1993).

Calibration of [Ca2+]J
[Ca2+]i was determined from the fluorescence ratio R measured in-vivo at
wavelengths A, and A2 using Eq. 1 and calculating Rm,ax and Rmin according
to

Rm. = SRIbH (3a)

Rmin = R. SkA1SA2'

Calculations and statistics
Pooled data are expressed as means ± SE. Tests of significance used a
significance level ofp < 0.05. Curve-fitting was performed using the non-
linear least-squares (Marquardt-Levenberg) method (Sigmaplot 4.1, Jandel
Scientific, Corte Madera, CA).

RESULTS

Effect of proteins on indo-1 emission spectra

Fig. 1 A shows indo-1 emission spectra obtained with zero
and saturating [Ca2"] in the absence of protein. From a dif-
ferent experiment, Fig. 1 B shows superimposed indo-1 spec-
tra obtained in the presence of proteins from frog muscle (12
mg/ml [protein]) at differing [Ca21], ranging from zero- to
saturating. The presence of the protein extract caused several
changes in indo-1 emission spectra compared with spectra
obtained in the absence of protein (Fig. 1 A). Protein caused
a reduction of fluorescence intensity centered in the region
of410-423 nm. As previously suggested (Fralix et al., 1990),
an intensity reduction in this region is most likely caused by
absorption of light by hemoglobin or myoglobin. Light ab-
sorption by proteins from frog muscle (which lacks myo-
globin) likely arose from hemoglobin from blood that had
been in the muscle vasculature. The presence of an inner
filter effect was confirmed in the absorption spectrum of the
protein extract, which showed increased absorption centered
at 412 nm (data not shown). Using protein extracts from rat
heart, there was also substantial filtering of light from both
hemoglobin and myoglobin.

Light absorption by the protein extract caused changes in
indo-1 emission spectra relative to emission spectra in the
absence of protein. There was a decrease in the intensity of
the spectrum of Ca2+-bound indo-1 relative to the spectrum
of Ca2+-free indo-1. Furthermore, there was a slight blue-
shift in the intensity of the spectrum of Ca2+-bound indo-1,
where the emission maximum moved from 401 nm in the
absence of protein (Fig. 1 A) to 397 nm in the presence of
protein (Fig. 1 B). Similar changes were previously observed
using permeabilized myocytes (Hove-Madsen and Bers,
1992).
The presence of the protein extract also caused a large

blue-shift of the spectrum of Ca2"-free indo-1, where the
emission maximum moved from 474 nm in the absence of
protein (Fig. 1 A) to 458 nm in the presence of protein (Fig.
1 B). These changes were similar to those found with purified
proteins (Brandes et al., 1993).
The presence of an inner filter does not easily allow the

effects of protein on the emission spectra to be discerned
separately from the effects of absorption. However, apparent
changes in the spectra caused by light absorption by the pro-
tein extract do not represent real changes in calcium-sensitive
fluorescence and, thus, will not affect either Aiso or S values
(Brandes et al., 1993).
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In the presence of protein, XA,, decreased and S values
increased (see below), which indicates that protein caused
real changes in Ca2e-sensitive indo-1 fluorescence, as pre-
viously reported for purified protein (Brandes et al., 1993).

Effect of protein and acidosis on
indo-1 fluorescence

Fig. 2 A shows examples of spectra of S values recorded in
the presence of frog muscle proteins (pH 7.3) at several dif-
ferent [protein]. The S spectra were elevated by increased
[protein]; in consequence, AX,,. (defined at S = 1) decreased.
Fig. 2 B shows the relationship between Xi,O and [protein] for
frog muscle proteins (at pH 7.3 and 6.3) and rat heart proteins
(pH 7.3). Xi., decreased with increased [protein] from frog
muscle or from rat heart. Decreases of Aiso were well de-
scribed by Eq. 2. The maximum decrease of Aiso was similar
under all three conditions (range - 18.2 to -24.3 nm); how-
ever, P50 calculated to each fit (equivalent to the [protein]
causing a 50% change) was larger (p < 0.05) for rat heart
proteins (8.5 1.9 mg/ml) than for frog muscle proteins at
pH 7.3 (2.95 0.66 mg/ml), and was lowest (p < 0.05) with
acidosis (0.89 ± 0.24 mg/ml).
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The relationships between S measured at 400 and 470 nm
(S4. and S470), using frog muscle protein are shown in Fig.
3, A and B. These wavelengths were used to monitor [Ca2+]i
in-vivo from frog muscle (Baker et al., 1993,1994). Both S4.
and S470 increased with [protein] (pH 7.3, triangles; pH 6.3,
circles); appearing to saturate at high [protein] as described
by Eq. 2.

Acidosis resulted in an increase of S4. both in the absence
and presence of protein (Fig. 3 A). Although the absolute
increase of S4. upon addition of protein was not changed
with acidosis (p > 0.05), S4. reached higher values with
acidosis (p < 0.01). Furthermore, P50 was lower at pH 6.3
than at pH 7.3 (0.64 ± 0.16 mg/ml vs. 2.01 ± 0.37 mg/ml,
p < 0.01). In contrast, acidosis did not appreciably affect the
relationship between S470 and [protein] (Fig. 3 B).
The results of fitting kiso S values, and Kd (see below)

versus [protein] to Eq. 2 for proteins from frog muscle and
rat heart are summarized in Table 1. Proteins from rat heart
had different effects on indo-1 fluorescence spectra com-

pared with those from frog muscle: both S and P50 were

considerably higher (p < 0.01).
The changes of indo-1 fluorescence spectral properties

with [protein] are consistent with indo-1 binding to protein.
This suggests that the ratio of [indo-1] to [protein] may de-
termine changes of fluorescence. To examine this possibility,
the effects of frog muscle protein on indo-1 fluorescence
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FIGURE 2 (A) S values versus emission wavelength for samples con-

taining no protein (lowest curve) and with increasing [protein] up to a maxi-
mum of 72 mg/ml (350-nm excitation). Protein caused an increase in S
values at all wavelengths and a decrease in the isosbestic wavelength (at S
= 1). (B) Relationship between isosbestic wavelength and [protein] for
proteins from frog muscle at pH 7.3 (A, V), pH 6.3 (0), and from rat heart
(pH 7.3) (I). [Ca2"] was controlled by 10 mM total [EGTA] in all experi-
ments except one series where 5 mM total [EGTA] (V) was used (see text).
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FIGURE 3 Relationships between S values and [protein] for frog muscle
proteins (350-nm excitation). S values were determined at emission wave-

lengths of (A) 400 nm and (B) 470 nm. Symbols as for Fig. 2.
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TABLE 1 Effect of protein on indo-1 Kd and fluorescence
spectra

AY.t P50 (mg/ml)

Frog muscle pH 7.3
Kd 598 nM (26)** 3.52 (0.73)-

0. 128 (0.004)s 2.01 (0.37):*
1.208 (0.083)n 6.49 (1.88)*

Ais -22.2 nm (0.93)* 2.95 (0.66)
mean P50 (n = 4) = 3.74 (0.97)n

Frog muscle pH 6.3
Kd 1079 nM (60)* 2.29 (0.65)*
S4W0 0.129 (0.004)** 0.64 (0.16)**
S470 1.021 (0.029)** 3.28 (0.44)*
Ajiso -18.2 nm (0.71)* 0.89 (0.24),*

mean P50 (n = 4) = 1.78 (0.62)**

YO

210 nM
0.033
1.433
454 nm

A
%- 0.8
0

t) .9
U) .4.'
0 0
a) 0.6

CD
C

0) 0.4

0
E2
0 0.2
z641 nM

0.056
1.520
452 nm

Rat heart pH 7.3
Kd 404 nM (72) 19.9 (8.9) 234 nM
S4W0 0.273 (0.019) 14.9 (2.3) 0.031
S470 1.580 (0.172) 22.1 (5.9) 1.459
Aliso -24.3 nm (1.78) 8.5 (1.9) 454 nm

mean P50 (n = 4) = 16.35 (3.02)
Values of Kd, S values, and A,s. measured (using 12 ,M indo-1) as a function
of [protein] (from frog or rat) were fit to Eq. 2. The table shows the calculated
fit values ± SE.
Statistics: parameters were compared among the three preparations from
their confidence intervals, ** (p < 0.01), * (p < 0.05), ns (not significant);
superscript (comparison with frog at pH 6.3), subscript (comparison with
rat). Mean P50 of all four parameters were compared among protein solutions
using a t-test.
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were compared at low and high [indo-1]. At [protein] = 3.6
mg/ml and [indo-1] = 12 ,uM, values for iS, S400, and S470
(439 nm, 0.132, and 1.914, respectively) were close to those
expected from Eq. 2 and the data given in Table 1 (i.e. 441
nm, 0.115, and 1.864, respectively). However, at [protein] =
3.6 mg/ml and [indo-1] = 48 /.M, values for Xiso S4w,, and
S470 (455 nm, 0.067, and 1.308, respectively) were closer to
those found in protein-free solution (i.e., 454, 0.033, and
1.433, respectively). Thus, the reduced effects of protein on
indo-1 Kd and fluorescence spectra observed at high [indo-l]
may result from a lower fraction of indo-1 bound to protein.

0.5 1.0
[Co2+] (MM)

0 20 40 60 80 100
[protein] (mg/ml)

FIGURE 4 (A) Relationship between the normalized increase in fluo-
rescence ratio and [Ca2"] for indo-1 in the presence of different frog muscle
[protein] (shown in mg/ml next to each curve) (pH 7.3, different symbol for
each [protein]). Measures of the ratio of fluorescence (R) at 400 and 470
nm at different [Ca2"] were fit to Eq. 1 (using N = 1) to determine Kd. Data
and fits were normalized to allow comparison between experiments (R was
normalized to (R - Rmin)/(Rma -Rmin), where Rmin and Rm. were the ratios
measured in zero calcium and saturating calcium solutions, respectively).
Increased indo-1 Kd for Ca2" with increased [protein] is evidenced by the
shallower curves at higher [protein]. (B) Relationship between Kd and [pro-
tein] for proteins from frog muscle and rat heart. Symbols as for Fig. 2.

Effect of protein and acidosis on indo-1
calcium binding

The dissociation constant (Kd) of indo-1 for calcium was

determined from measurements of the ratio of fluorescence
(R) (measured at 400 and 470 nm) versus [Ca2"]. Data were
fit to Eq. 1 to determine Kd (see Materials and Methods).
Fig. 4 A shows examples of the relationship between the
normalized increase ofR and [Ca2"] at several different frog
muscle [protein] (pH 7.3). Data and fitted values of R were

normalized as (R - Rmmr)/(Rm. - Rmin), where Rmi and Rmax
were the ratios measured in zero calcium and saturating cal-
cium solutions, respectively. This normalization was to allow
data and fits from experiments at different [protein] to be
compared on the same graph. Fig. 4 A shows that at each
[protein] the data were well described by Eq. 1. The figure
also shows that the apparent Kd (i.e., true Kd S470), equal to
the [Ca2"] where the normalized increase of R = 0.5, was

increased with [protein]. The apparent Kd and S470 increased
from 259 nM and 1.34 in the absence of protein to 2239 nM

and 2.7, respectively, at the highest protein shown (48 mg/
ml). These changes represented a change in true Kd from 193
to 828 nM. The stoichiometry of indo-1 binding to Ca21 (as
assessed by N, in Eq. 1) did not vary significantly from 1:1
binding (p > 0.05).
The effects of [protein] and acidosis on Kd are shown for

all experiments in Fig. 4 B and are summarized in Table 1.
Proteins from both frog muscle and rat heart significantly
increased indo-1 Kd for calcium. At pH 7.3, the Kd at satu-
rating [protein] was greater (p < 0.05) for frog muscle pro-
teins (808 ± 26 nM) than for rat heart proteins (638 ± 72
nM) (values from Table 1). At pH 6.3, and in the absence of
protein, Kd was 641 nM; addition of frog muscle proteins
increased Kd to a maximum of 1720 ± 60 nM. Thus, Kd was
increased by acidosis in the absence of protein; and Kd was
increased by frog muscle protein in the absence of acidosis.
In addition, the maximum Kd obtained using protein in-
creased further in the presence of acidosis. These findings

1 650 Biophysical Journal



Effect of Protein and pH on Indo-1

A
100

suggests that protein and protons caused increased Kd
through separate mechanisms.

Fig. 4 B also shows that similar results were obtained using
frog muscle proteins when [Ca2"] was controlled with either
10 mM total [EGTA] (triangles) or 5 mM total [EGTA]
(inverted triangles). Using 10 mM total [EGTA], the Kd of
indo-1 calculated for saturating [protein] (791 ± 26 nM) was
not different (p > 0.05) from that found using 5 mM total
[EGTA] (837 ± 50 nM). This suggests that [Ca2] was ad-
equately buffered during the measurements.

Determination of In-vivo calibration values

Intracellular [protein] is reported to be -100 mg/ml (Konishi
et al., 1988; Hove-Madsen and Bers, 1992). However, ap-
propriate calibration constants cannot be simply derived
from in-vitro measurements extrapolated to this [protein] be-
cause, as suggested above, the extent of indo-1 interaction
with intracellular proteins may depend on the relative [pro-
tein] versus [indo-1]. In the present studies, determination of
the appropriate [protein] (at a fixed [indo-1]) to derive cali-
bration constants relied on matching measurable indo-1 spec-
tral parameters in-vitro and in-vivo.
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Frog muscle

Aiso was determined in-vivo, and calibration constants were
derived in-vitro at a [protein] that resulted in a similar Aj.
(see Brandes et al., 1993).

Fig. 5 A shows superimposed in-vivo recordings of indo-1
fluorescence transients elicited by twitch stimulation (each
record is the average of 6 twitches). Transients were recorded
at different emission wavelengths ranging between 400 and
440 nm. As expected from the indo-1 emission spectra, the
amplitude of fluorescence change was largest at low wave-
lengths, becoming smaller and then negative at higher wave-
lengths. Fig. 5 B shows the peak rates of change of fluo-
rescence (dF/dt) during transients versus detection
wavelength for two different experiments. This measure was
previously determined to emphasize the initial rapid Ca>-
dependent component of the transient and to minimize any
motion artifacts that would occur more slowly and later in the
transient (Brandes et al., 1993). Data were fit to a quadratic
polynomial, and iso found at the wavelength where the fitted
polynomial was zero. Xiso in these experiments were 429.2
and 432 nm (mean 430.6 nm).
The in-vitro relationship between AX. and [protein] (Fig.

2 B, Table 1) indicates that at saturating [protein], A,so would
be 431.8 nm (i.e., 454-22.22 nm, Table 1). The similar )isy
found in-vivo and in-vitro at saturating [protein] suggests
that indo-1 loaded into frog muscle would be in an envi-
ronment corresponding to saturating [protein]. For frog
muscle proteins, all calibration constants reached close to
their maximum values at relatively low [protein] (mean P50
was 3.74 ± 0.97 mg/ml, n = 4). Therefore, at about 100
mg/ml [protein], the effect of [protein] on the calibration
constants was almost saturated; consequently, Eq. 2 was used

0.2

400 420 440
Emission A (nm)

FIGURE 5 (A) Fluorescence transients recorded during twitch stimula-
tion of frog muscle at different emission wavelengths (indicated next to each
curve). Intensities were normalized to the maximum intensity at 400 nm
(350-nm excitation). (B) Relationship between the peak rate of change of
fluorescence intensities (dFldt; arbitrary units) and detection wavelength.
Data shown for two experiments. Isosbestic wavelength was determined at
dF/dt = 0.

to estimate calibration constants (Kd, S4w, and S470) assuming
[protein] = 100 mg/ml and using the fitted values of AY.,
P50, and Y0 (Table 1).

Rat heart

In a previous study (Brandes et al., 1993), Xi,. of indo-1 in
a perfused heart was estimated to be -427 nm. Fig. 2 B and
Table 1 suggest that in-vitro this Aiso was closely matched at
saturating [protein] (where Aj. = 429.7 nM). Thus, in-vivo
in the rat heart, as in frog muscle, the [protein] (relative to
[indo-1]) was also high enough to saturate the effect of pro-
tein on indo-1 )iso.
The effective [protein] used to calculate calibration pa-

rameters for the rat heart was estimated by matching the
variable SR (see Eq. 3), determined in-vitro, to that previously
found in-vivo (Brandes et al., 1993). SR (defined in Eq. 3a)
was previously calculated in the heart from measurements of
Rm. (according to Eq. 3a) and was found to be -1.34 (using
350-nm excitation and emission at 385 and 456 nm) (Brandes
et al., 1993). For measurements at the same excitation and
emission wavelengths in the present experiments, a value for
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SR of -1.34 could be achieved at a [protein] of 158 mg/ml.
At this [protein] (and with 12 ,uM [indo-1]), the effect of
protein on calibration parameters was also close to saturated.

Table 2 lists calibration parameters derived from proteins
of frog muscle and rat heart that can be used to calculate
[Ca21]i in-vivo under differing experimental conditions of
pH, excitation, and emission wavelengths. Calibration values
S385 and S456 for indo-1 determined for rat heart proteins were
both considerably higher when using excitation at 360 nm
compared with 350 nm.

DISCUSSION

The major new findings of this study were: 1) protein and
protons have marked additive effects on indo-1 calcium-
binding and fluorescence; 2) the effects of protein on indo-1
depended on both [indo-1] and [protein]; and 3) effects
were different using proteins from different tissues. These
findings suggest that calculation of [Ca2+]i from indo-1 fluo-
rescence requires use of calibration constants derived in the
presence of appropriate types of protein, ratio of [indo-1] to
[protein] and pH. This suggestion is consistent with many
previous studies that recognize the importance of calibration
conditions.

Interaction of indo-1 with protein

The relationships between [protein] and the indo-1 calcium
calibration constants are consistent with a simple binding
interaction between indo-1 and protein. These relationships
suggest that the degree of interaction between indo-1 and
protein should depend not simply on the [protein] but on the
relative concentrations of indo- 1 and protein. Consistent with
this, the effects of protein on indo-1 fluorescence properties
were reduced at a higher [indo-1]. These studies, therefore,
offer a warning that [protein] versus [indo-1] may be an im-
portant factor to consider for calibration. Conceivably, some
of the discrepancies between previous reports concerning the
effects of proteins on Kd (or other calibration values) may
arise because of differing indo-1 loading between studies.
Possibly, the relationships between [protein] and indo-1 cal-
cium calibration parameters described in this study may be
equated to other studies after accounting for any differences
in [indo-1] used.

TABLE 2 Indo-1 calcium calibration parameters used to
calculate [Ca2+]! in-vivo

[protein] Kd
(mg/ml) (nM) SAI SA2

Frog (350-nm excitation) pH = 7.3 100 788 0.158 2.567
Frog (350-nm excitation) pH = 6.3 100 1696 0.184 2.509
Rat (350-nm excitation) pH = 7.3 158 594 0.098 2.209
Rat (360-nm excitation) pH = 7.3 158 594 0.174 4.083

Calibration constants derived using Eq. 2 and fitted values in Table 1.
[protein] was extrapolated based on indo-1 spectral characteristics (see text).
Values for frog muscle at 350-nm excitation (S values measured at 400- and
470-nm emission); values for rat heart at both 350- and 360-nm excitation

Values for P50 (determined in fitting Eq. 2) for each cal-
cium calibration parameter were similar within each type of
protein (Table 1) but were larger (p < 0.01) for protein from
rat heart (16.35 ± 3.02 mg/ml, n = 4) compared with frog
muscle (3.74 ± 0.94 mg/ml, n = 4, pH 7.3). The similarity
of P50 within each protein type suggests that interaction of
indo-1 with protein has multiple effects on indo-1, simulta-
neously affecting indo-1 calcium binding and fluorescence
spectra. However, with frog muscle proteins the P50 for S400
was slightly but significantly lower than that for S470 at both
pH 7.3 (p < 0.05) and pH 6.3 (p < 0.01). This finding may
indicate that interaction of indo-1 with protein involves more
than a single binding reaction. The larger P50 for proteins
from rat heart may be explained by 1) a lower affinity for
indo-1 to rat heart protein compared with frog muscle pro-

teins, or 2) that indo-1 may bind to the same kind of protein,
present in both protein extracts, but which may exist at a

lower concentration in the rat heart extract. The results
showed that for saturating [protein], the calculated maximum
S470 was similar for proteins from rat or frog. However, the
corresponding Kd was lower and S400 was higher for proteins
from rat than from frog. These results suggest, therefore, that
rat and frog have different protein types that have different
effects on indo-1 calcium-binding and fluorescence.

Effect of protein on indo-1 fluorescence spectra

Previously, protein was found to have only a small effect on
the emission spectrum of Ca2"-bound indo-1 (Brandes et al.,
1993); however, protein caused a large blue-shift and in-
crease of the intensity of the emission spectrum of Ca2"-free
indo-1 (Brandes et al., 1993). Similar changes could not be
observed in the present studies using tissue extracts or in
previous studies using permeabilized myocytes (Hove-
Madsen and Bers, 1992) because of the complicating effects
of light absorption by the sample. However, it is possible that
in the present study, similar influences of protein on the emis-
sion spectra of indo-1 may have given rise to the effects of
protein extracts on S values and Aiso For example, the
changes in S400, S470, and Aiso induced with frog muscle pro-

teins at 100 mg/ml [protein] (pH 7.3) could be accounted for
assuming that 1) proteins did not affect the emission spectra
of Ca2"-bound indo-1 (Brandes et al., 1993) or the shape of
the emission spectrum of Ca2"-free indo-1 and 2. proteins
caused a 12-nm blue-shift and 1.96 times increase of inten-
sity of the Ca2"-free indo-1 emission spectrum. Constancy of
the shape and position of the Ca2"-bound emission spectrum
would imply that Rmax would not be affected by protein; how-
ever, a blue-shift and intensity increase of the Ca2"-free spec-

trum would cause an increase of Rmin with [protein]. From the
relation between Rmin and Rmax (Eq. 3b), the changes in S
values found in this study would suggest that Rmin would
increase by a factor of 2.7 upon addition of 100 mg/ml
frog muscle protein (pH 7.3). Consistent with this, the pres-

ence of calf serum or mouse muscle protein caused an in-
crease of Rmin, whereas Rmax was unchanged (Westerblad and

(S values measured at 385- and 456-nm emission).
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Effect of Protein and pH on Indo-1

Effect of acidosis on indo-1 fluorescence spectra

Acidosis had a relatively small effect on fluorescence spectra
compared with its effect on Kd. S4w was increased by acidosis
in the absence of protein and was increased by protein in the
absence of acidosis. The maximum S4. obtained using pro-
tein at pH 7.3 was increased further in the presence of aci-
dosis. These findings suggest that protein and protons caused
increased S4. through separate mechanisms. In contrast, aci-
dosis had little effect on the maximum S470 or Aiso (at satu-
rating [protein]). However, the P50 values for fits of S4., and
Aiso versus [protein], were reduced with acidosis compared
with pH 7.3, suggesting that acidosis increased the binding
of indo-1 to protein in addition to the direct effect on indo-1.

Effects of protein on Ca binding by indo-1

Interactions between intracellular proteins and indo-1 in-
creases indo-1 Kd for calcium. Proteins from frog and rat
muscle both caused increased Kd; however, frog muscle pro-
teins affected Kd more: the Kd at saturating protein was
higher, and Kd was affected by frog proteins at lower con-
centrations compared with rat muscle. Previous studies
found that the effect of proteins on the fluorescence spectra
of indo-1 were dependent on the type of protein (Brandes
et al., 1993). The present studies are consistent with this and
further suggest that effects on Kd also vary with the type of
protein.

Previously, the 1:1 stoichiometry of indo-1:Ca found in
protein-free solution was found to change appreciably in the
presence of protein (Hove-Madsen and Bers, 1992). In con-
trast, in the present study a 1:1 stoichiometry was maintained
even at high [protein].

Effect of acidosis on Ca binding by indo-1

Consistent with previous studies (Lattanzio, 1990; Lattanzio
and Bartschat, 1991), in the present study, in the absence of
protein, acidosis increased the indo-1 Kd for calcium. The
elevated Kd of indo-1 with acidosis was further increased by
protein. The relative increase of Kd with and without satu-
rating [protein] was similar at pH 7.3 and 6.3. These findings,
consistent with the separate and additive effects of proteins
and acidosis on S4., suggest that proteins and acidosis also
caused increased Kd through separate and additive mecha-
nisms. However the P50 value for fits of Kd versus [protein]
was reduced with acidosis compared with pH 7.3, suggest-
ing, as mentioned above, that acidosis increased the binding
of indo-1 to protein in addition to the direct effect on indo-1
Ca2' binding.

Calculation of [Ca2+]1
The calibration parameters presented in Table 2 have been
used to calculate [Ca2+]i using data previously obtained in
this laboratory from isolated perfused rat heart (Brandes
et al., 1993) and intact frog skeletal muscle (Baker et al.,

In rat heart loaded using indo-1 AM, diastolic and systolic
[Ca2+]i were previously estimated as 187 and 464 nM, re-
spectively (Brandes et al., 1993). These estimates were simi-
lar to those of other studies using AM loading (Backx and
ter Keurs, 1993); however, they did not account for the in-
creased Kd of indo-1 for Ca2" in the presence of proteins.
Accounting for the increased Kd (by using the calibration
constants presented in Table 2), these previous estimates
would be increased to 391 and 1015 nM, respectively.
From our previous studies of frog muscle (Baker et al.,

1993), calibration using values in Table 2 suggests a [Ca21]i
in resting muscle of 353 ± 25 nM (mean ± SE, n = 7). This
is similar to recent estimates using fura red (Kurebayashi
et al., 1993) and fluo-3 (Harkins et al., 1993), where
both indicators had increased Kd for Ca21 in the presence of
protein.

Problems and limitations

Several problems limit the findings of this study. The effects
of proteins and acidosis on indo-1 calcium calibration pa-
rameters was defined; however, other constituents of the mi-
lieu may also affect indo-1 calcium calibration parameters.

Determination of Kd relied on controlling [Ca21] by vary-
ing the proportion of EGTA to CaEGTA. Although this
method is well established and has been commonly used, it
is possible that the calculated [Ca2] does not accurately
reflect that actually obtained in solution, especially in the
presence of high [protein]. However, the similarity of results
with different concentrations of calcium buffer suggests that
a consistent [Ca2] is attained for a given ratio of EGTA/
CaEGTA.
The effects of protein on indo-1 calcium calibration con-

stants are dependent on the protein type. The present studies
have examined only the effects of soluble proteins on indo- 1.
Insoluble proteins also interact with indo-1 (Hove-Madsen
and Bers, 1992) and may have different effects on indo-1
compared with the soluble proteins.
The interaction of indo-1 with protein from tissue homo-

genates may differ from interactions in-vivo. For example,
the accessibility of sites on proteins that indo-1 interacts with
may differ in-vivo and in-vitro.
Use of indo-1-AM loading limits calibration due to the

presence of noncytosolic indo-1. For example, mitochondria,
which may load indo-1, represent a large volume fraction of
heart muscle (see Backx and ter Keurs, 1993). In contrast, in
the mainly glycolytic frog muscle, the mitochondrial fraction
is very low. Use of indo-1-AM loading in this study would
not influence measurement of Aisos because only indo-1 in the
cytosol would be expected to show rapid [Ca21]i transients.

CONCLUSIONS

Indo-1 Kd for calcium and fluorescence spectra are markedly
altered by interaction with intracellular protein and by
changes of pH. Thus, consistent with previous studies that
recognized the importance of calibration conditions, the
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present studies suggest that estimation of [Ca2+]i from indo-1
fluorescence requires calcium calibration parameters derived
in the presence of appropriate 1) types of protein, 2)ratio of
[indo-1]/[protein], and 3) pH.

This work was supported by funds from National Institutes of Health grant
RO1 DK33923 (to M. W. Weiner), the Research Service of the Department
of Veterans Affairs (to M. W. Weiner), the American Heart Association,
California Affiliate grant in Aid 91-106 (to S. A. Camacho), and the Ameri-
can Heart Association, California Affiliate Postdoctoral Fellowship (to
R. Brandes).

REFERENCES
Allen, D. G., J. A. Lee, and H. Westerblad. 1989. Intracellular calcium and

tension during fatigue in isolated single muscle fibers from Xenopus lae-
vis. J. Physiol. 415:433-458.

Backx, P. H., and H. E. Ter Keurs. 1993. Fluorescent properties of rat
cardiac trabeculae microinjected with fura-2 salt. Am. J. Physiol. 264:
H1098-H1110.

Baker, A. J., R. Brandes, and M. W. Weiner. 1994. Effects of intracellular
acidosis on calcium activation, contraction and relaxation of frog skeletal
muscle. Am. J. Physiol. In press.

Baker, A. J., M. C. Longuemare, R. Brandes, and M. W. Weiner. 1993.
Intracellular tetanic calcium signals are reduced in fatigue of whole skel-
etal muscle. Am. J. Physiol. 264:C577-C582.

Brandes, R., V. M. Figueredo, S. A. Camacho, A. J. Baker, and M. W.
Weiner. 1993. Quantitation of cytosolic [Ca2"] in whole perfused rat
hearts using indo-1 fluorometry. Biophys. J. 65:1983-1993.

Fralix, T. A., F. W. Heineman, and R. S. Balaban. 1990. Effects of tissue
absorbance on NAD(P)H and Indo-1 fluorescence from perfused rabbit
hearts. FEBS Lett. 262:287-292.

Grynkiewicz, G., M. Poenie, and R. Y. Tsien. 1985. A new generation of
Ca2" indicators with greatly improved fluorescence properties. J. Biol.
Chem. 260:3440-3450.

Harkins, A. B., N. Kurebayashi, and S. M. Baylor. 1993. Resting myo-
plasmic free calcium in frog skeletal muscle fibers estimated with fluo-3.
Biophys. J. 65:865-881.

Hove-Madsen, L., and D. M. Bers. 1992. Indo-1 binding to protein in per-
meabilized ventricular myocytes alters its spectral and Ca binding prop-
erties. Biophys. J. 63:89-97.

Ikenouchi, H., G. A. Peeters, and W. H. Barry. 1991. Evidence that binding
of Indo-I to cardiac myocyte protein does not markedly change Kd for
Ca2". Cell Calcium. 12:415-422.

Konishi, M., A. Olson, S. Hollingworth, and S. M. Baylor. 1988. Myo-
plasmic binding of fura-2 investigated by steady-state fluorescence and
absorbance measurements. Biophys. J. 54:1089-1104.

Kurebayashi, N., A. B. Harkins, and S. M. Baylor. 1993. Use of fura red
as an intracellular calcium indicator in frog skeletal muscle fibers.
Biophys. J. 64:1934-1960.

Lattanzio, F. A., Jr. 1990. The effects ofpH and temperature on fluorescent
calcium indicators as determined with Chelex-100 and EDTA buffer sys-
tems. Biochem. Biophys. Res. Commun. 171:102-108.

Lattanzio, F. A., Jr, and D. K. Bartschat. 1991. The effect of pH on rate
constants, ion selectivity and thermodynamic properties of fluorescent
calcium and magnesium indicators. Biochem. Biophys. Res. Commun.
177:184-191.

Lee, H. C., R. Mohabir, N. Smith, M. R. Franz, and W. T. Clusin. 1988.
Effect of ischemia on calcium-dependent fluorescence transients in rabbit
hearts containing indo 1. Correlation with monophasic action potentials
and contraction. Circulation. 78:1047-1059.

Lee, J. A., H. Westerblad, and D. G. Allen. 1991. Changes in tetanic and
resting [Ca2+]i during fatigue and recovery of single muscle fibres from
Xenopus laevis. J. Physiol. 433:307-326.

Spurgeon, H. A., W. H. duBell, M. D. Stem, S. J. Sollott, B. D. Ziman, H.
S. Silverman, M. C. Capogrossi, A. Talo, and E. G. Lakatta. 1992. Cy-
tosolic calcium and myofilaments in single rat cardiac myocytes achieve
a dynamic equilibrium during twitch relaxation. J. Physiol. 447:83-102.

Spurgeon, H. A., M. D. Stem, G. Baartz, S. Raffaeli, R. G. Hansford, A.
Talo, E. G. Lakatta, and M. C. Capogrossi. 1990. Simultaneous meas-
urement of Ca2", contraction and potential in cardiac myocytes. Am. J.
Physiol. 258:H574-H586.

Tsien, R., and T. Pozzan. 1989. Measurement of cytosolic free Ca2+ with
quin2. Methods Enzymol. 172:230-262.

Westerblad, H., and D. G. Allen. 1993. The influence of intracellular pH on
contraction, relaxation and [Ca2+]i in intact single fibres from mouse.
J. Physiol. 466:611-628.


